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(54) Materiaux d'electrode presentant une conductlvite de surface elevee 



(57) La pr6sente invention concerne las mat6riaux 
d'electrode capables de reaction r^dox par ^change 
d'ions alcalins et d'dlectrons avec un Electrolyte. Les ap- 



plications sont dans le domaine des g6n6rateurs 6lec- 
trochimiques (batteries) primaires ou secondaires, les 
supercapacit^s et les syst^mes de modulation de ta lu- 
mi^re de type supercapacitE. 
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Description 

DOMAINE DE L'lNVENTlON 

5 [0001] La presente invention concerne des materiaux d'eleclrode capables de reaction redox par 6change d'ions 
alcalins et d'6lectrons avec un eiectroiyte. Les applications sont dans le domaine des g6n6rateurs 6lectrocliimiques 
(batteries) primaires ou secondaires. les supercapacit6s et les systdmes de modulation de la lumi^re de type electro- 
chrome. 

10 ART ANTERIEUR 

[0002] On connait les composes d'insertion (ci-apr6s appel6s aussi materiaux 6lectroactlfs ou mat6riaux r6dox) dont 
le fonctionnement est bas6 sur I'echange d'ions alcalins. en particulier les ions lithium, et des 6!ectrons de valence 
d'au moins un §16ment de transition de mani^re k assurer la neutrality dans la matrice solide. Le maintien partiel ou 
IS total de I'integrite structurale du mat^riau permet la reversibility de la reaction. Les reactions r6dox resultant de la 
formation de plusieurs phases ne sont habituellement pas r6versibles. ou trfes peu. II est aussi possible d'effectuer des 
reactions en phase solide en mettant en jeu la scission reversible de liaisons soufre-soufre ou les reactions r6dox 
inten/enant dans la transformation de structures organiques aromatiques en formes quinoniques, en particulier dans 
les polym^res conjugu6s. 

20 [0003] Les materiaux d'insertion sont les ingredients actif s des reactions electrochimiques utilis6s en particulier dans 
les g6nerateurs electrochimiques, les supercapacitds ou les systemes de modulation de la transmission de la lumi&re 
(61ectrochromes). 

[0004] La progression de la reaction d'6change ions-61ectrons requiert I'existence au sein du matenau d insertion 
d'une double conductivity, simultanement par les electrons et les ions, en particulier les ions lithium, I'un ou I'autre de 

2S ces types de conductivite etant eventuellement trop faible pour assurer des cinetiques d'echanges requises pour I'utl- 
lisation du materiau. en particulier pour les generateurs electrochimiques ou les supercapacites. Une solution h ce 
problems estobtenue partiellement par I'utilisation d'eiectrodes dites "composites", dans lesquelles le materiau d'eiec- 
trode est disperse dans une matrice contenant I'eiectrolyte et un liant polymere. Dans le cas ou I'eiectrolyte est un 
electrolyte polymere ou un gel fonctionnant en I'absence de solvant, le r6le de liant mecanique est assure directement 

30 par la macromoiecule. Par gel. on entend une matrice polymere, elle-meme solvatante ou non, retenant un liquide 
polaire et un sel, de maniere h conterer k I'ensemble les proprietes mecaniques d'un solide tout en retenant au moins 
une partie de la conductivity du liquide polaire. Un electrolyte liquide et le materiau d'eiectrode peuvent aussi etre 
maintenus en contact par une faible fraction d'un liant polymere inerte, c'est-^-dire n'interagissant pas avec le solvant 
Par run quelconque des moyens pr6cites, chaque grain de materiau d'eiectrode est done entoure d'eiectrolyte capable 

35 d'amener les ions en contact direct avec la quasi-total ite de la surface du materiau d'eiectrode. Pour faciliter les echan- 
ges yiectroniques, il est habituel, selon Tart anterieur, d'ajouter des particules d'un materiau conducteur k I'un des 
melanges precites du materiau electrode et de I'eiectrolyte. Ces particules sont k I'etat tres divise. Generalement, le 
choix se porte sur les materiaux carbones, et tout specialement sur les noirs de carbone (Shawinigan ou Ketjenblack®). 
Cependant. les fractions volumiques utillsees sont faibles car ce type de materiau modifle fortement la rheologie des 

40 suspensions, specialement dans les polymeres. avec pour resultat une porosite excessive et une perte d'efficacite du 
fonctionnement de reiectrode composite, aussi bien en termes de fraction de la capac'ite utilisable que de la cinetique. 
i.e., de la puissance disponible. Aux faibles taux utilises, les grains de carbone se structurent en chaTnes, et les points 
de contact avec le materiau d*eiectrode proprement dit sont extrdmement reduits. Cette configuration a pour conse- 
quence une mauvaise repartition du potentiel eiectrlque au sein du materiau eiectroactif. En particulier, des surcon- 

4S centrations ou des appauvrlssements peuvent apparaTtre aux points de jonction triple: 



so 



55 



materiau 
61ectroactif 



Electrolyte 



'additif 
conducteur 
electronique 

[0005] Ces variations excessives de la concentration locale en ions mobiles et les gradients rysultant k I'interieur du 
materiau eiectroactif sont tres prejudiciables k la r6versibilite du fonctionnement de I'eiectrode sur un nombre eieve 
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de cycles. Ces contraintes, ou stress, chimiques et m^caniques se traduisent au niveau microscopique par una di- 
sintegration des grains de matiriau ilectroactif , dont une partie est susceptible de perdre le contact avec les grains 
de carbone et de devenir ainsi inactifs 6lectrochimiquement. La structure du mat6riau peut aussi etre d6truite, avec 
I'apparition de nouvelles phases et relargage 6ventuel des d6riv6s ou autres fragments de m^taux de transition dans 
5 I'dlectrolyte. Ces ph6nom6nes nuisibles apparaissent d'autant plus facilement lorsque la density de courant ou ta 
puissance demandde h Tilectrode est plus grande. 

DANS LES DESSiNS 

JO [0006] La Figure 1 illustre la difference entre une electrode classique selon I'art ant6rieur (A) et une electrode selon 

{'invention dont les particules de maieriau eiectroactif sont recouvertes d'un revStement carbone (B). 

[0007] Les Figures 2 et 3 lllustrent une comparalson d'un 6chantillon de LiFeP04 recouvert de carbone avec un 
... echantillon temoin de LiFeP04 sans carbone. Ces resultats ont ete obtenus par voltammfetrie cyclique de piles LiFeP04 

/ POE2oLiTFSI / Li cyciees ^ 20 mYh-"" entre 3 et 3.7 volts k 80*C. Le premier cycle est porte sur la Figure 2 et le 
IS cinquieme sur la Figure 3. 

[0008] La Figure 4 illustre revolution de la capacite au cours du cyclage des piles realisees avec rechantillon de 

LiFeP04 carbone d'une part et le temoln non carbone d'autre part, 

[0009] La Figure 5 illustre les performances d'une pile contenant LiFeP04 carbone et cyciee en mode intentiostatique 
entre 3 et 3.8 Volts k 80**C avec une vitesse de charge et decharge correspondant k C/1 . 
20 [0010] La Figure 6 illustre revolution du courant en fonctlon du temps d'une pile LiFeP04 / y-butyrolactone LITFSI / 
Li contenant un echantillon carbone et cycle k 20 mVh'i entre 3 et 3.7 volts k temperature ambiante. 
[0011] La Figure 7 illustre revolution du courant en fonction du temps d'une pile LiFeP04/ POEgoLiTFSI / LI contenant 
un echantillon carbone. 

[0012] Les Figures 8-9 presentent une comparaison d'echantillons de LiFeP04 recouverts de carbone avec un 
25 echantillon temoin de LiFeP04 avant traitement. Ces resultats ont 6t6 obtenus par voltammetrie cyclique de piles 
LiFeP04 / POEsoLiTFSI / Li cyciees k 20 rnVh""" entre 3 et 3.7 volts k 80*0. Le premier cycle est illustre sur la Figure 
8 et le cinquieme sur la Figure 9. 

[0013] La Figure 10 illustre revolution de la capacite au cours du cyclage des piles realls6es avec les echantlllons 
de LiFeP04 carbon6s d'une part et le temoin non carbone d'autre part. 

30 

SOMMAIRE DE L'INVENTION 

[0014] La presente invention conceme un mat6riau d'eiectrode comprenant un oxyde complexe correspondant k la 
formule g6nerale AaM^Z^OpN^F, dans laquelle: 

35 

A comprend un metal alcalin; 

M comprend au moins un metal de transition, et optionnellement un metal autre qu'un metal de transition, tel que 
le magnesium ou I'aluminlum; ou ieurs melanges; 
Z comprend au moins un non-metal; 

40 O est I'oxygene; N I'azote et F le fluor; et 

les coefficients a, m, z, o, n, f > 0 etant choisis de mani6re k assurer reiectroneutralite, caract6rise en ce qu'un 
depot de materiau carbone conducteur est depose k la surface du materiau d'une maniere homogdne de fa^on k 
obtenir une distribution substantiellement reguli6re du champ eiectrique k la surface des grains du materiau. La 
similarite des rayons ioniques entre I'oxyg^ne, le fluor et I'azote permet le remplacement mutuel de ces elements 

4S en autant que reiectroneutralite est maintenue. Pour des raisons de simplification, et considerant que I'oxygene 

est utilise le plus frequemment, ces materiaux seront appel6s des oxydes complexes. Les metaux de transition 
preferentiels comprennenl le fer, le manganese, le vanadium, le titane. le molybd6ne, le niobium, le zinc et le 
tungstene. seuls ou en melanges. Les m6taux autre qu'un metal de transition pr6f6rentiels comprennent le ma- 
gnesium ou I'aluminium, et les non-metaux preferentiels comprennent le soufre. le selenium, le phosphors, I'ar- 

50 senic, le silicium, le germanium, le bore et retain, seuls ou en melanges. 

[0015] Dans une mise en oeuvre pr6ferentielle. la teneur massique finale en materiau carbone est comprise entre 
0.1 et 55%, et plus pref6rablement entre 0.2 k 1 5%. 

[0016] Dans une autre mise en oeuvre pr6ferentielle. I'oxyde complexe comprend les sulfates, phosphates, silicates, 
ss oxysulfates, oxyphosphates et oxysilicates. ou Ieurs melanges, d'un metal de transition et de lithium, et Ieurs melanges. 
II peut etre interessant. pour des raisons de stabilite structural, de substituer partlellement le metal de transition par 
un element de m§me rayon ionique mais inactif au point de vue r6dox. Par exemple. le magnesium et I'aluminium, 
dans des proportions preferentielles de 1 k 25%. 
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fOOl 71 L'invention comprend en outre une cellule 6lectrochimique dans laquelle au moins une Electrode est fabriqu6e 
k partir d'un mat6rlau d'6lectrode selon I'inventlon. La cellule peut op6rer comme batterie primaire ou secondaire, super 
capacity, ou syst6me de modulation de la lumiSre. la batterie primaire ou secondaire 6tant le nrade d'operation pr6f6- 
rentlel. 

5 

DESCRIPTION DETAILLiE DE fINVENTION 

roOISl La pr6sente invention permet la r6alisation de mat6riaux tfilectrode de compositions extremement varices 
dont la caract6ristique est d'itre revitus en surface, ou sur la plus grande partie de la surface, d'un rev§lement uniforme 
10 de matSriau carbon6 conducteur d6pos6 par voie chimique. La presence dans les mat6riaux d'6lectrode de I invention 
tfun revmement uniforme en comparaison du contact ponctuel obtenu avec les poudres de carbone ou d autres additifs 
conducteurs de I'art ant6rieur permet une distribution r6guli6re du champ 6lectrique k la surface des grains du mat6riau 
61ectroactif De plus, les gradients de concentration des ions sont diminuis consid6rablement. Cette meilleure distri- 
bution de la reaction 61ectrochimique k la surface des partlcules permet d'une part de preserver rint6grit6 structurale 
IS du materiau, et d'autre part am6iiore la cin6tique, en terme de densitS de courant et de puissance disponible k I elec- 
trode, grace S la plus grande surface offerte. ^^cniinno/ 
r00191 Par mat6riau carbon6, on entend un polymfere solide contenant majoritairement du carbone, de 60j> 100/, 
molaire et poss6dant une conductivit6 6lectronique sup6rieure k 10-5 Scm'i k temperature ambiante, de preference 
superie'ure k 10-3 scm-i Les autres elements presents peuvent §tre rhydrogene. l'oxyg6ne. I'azote. en autant qu ils 
20 n'interldrent pas avec I'inertie chimique propre au carbone pendant les proc6des eiectrochimiques. Le materiau car- 
bone peut etre obtenu par decomposition thermique ou d6shydrogenation, e.g.. oxydation partielle, de divers composes 
orqaniques En general, tout materiau menant, grSce k une reaction ou une sequence de reactions, k un materiau 
carbone solide ayant les propri6tes souhaitables sans affecter la stabilite de I'oxyde complexe. repr6sente un precur- 
seur acceptable Des pr6curseurs acceptables comprennent. sans limitation, les hydrocarbures et leurs denves. par- 
as ticuliferement les especes polycycliques aromatiques telles que le goudron ou le brai, le peryiene et ses d6riv68. es 
composes polyhydriques comme les sucres et les hydrates de carbone, leurs derives, et les polymeres. Des exemples 
pr6f6rentiGls de polymftres incluent les polyoiefines. les polybutadienes, I'alcool polyvinylique, les produits de conden- 
sation des phenols, y compris ceux obtenus k partir de reaction avec des aldehydes, les polym6res d6nv6s de I alcool 
f urfurylique, les polymferes derives du styrfene, du divinylbenz6ne, du naphtaiene, du p6ryiene, de I'acrylonitnle. et de 
30 I'acetate de vinyle; la cellulose, I'amidon et leurs esters et ethers, et leurs melanges. _ 

r002O] L'ameiioration de la conductivite k la surface des grains obtenue par le revfetement de materau carbone selon 
la presente invention permet le fonctionnement satisfaisant tfeiectrodes contenant des materiaux eiectroactifs dont la 
conductivite eiectronique est insufisante pour obtenir des performances acceptables. Les oxydes complexes ayan 
des couples redox situSs dans des intervalles de voltage utiles et/ou comprenant des elements peu dispendieux et 
35 non toxiques, mais dont la conductivite est trop basse pour des usages pratiques, deviennent utiles comme materiau 
d'eiectrode lorsque le revStement conducteur est present. Le choix des structures ou melanges de phases possedant 
des proprietes redox mais dont la conductivite eiectronique est trop faible, est beaucoup plus large que celui des 
composes de Tart anterieur. de type oxyde mixte de m6taux de transition et de lithium. II est en paiticulier possible 
d'inclure dans les structures redox un ou plusleurs des elements choisis parmi les non-m6taux (metalloTdes) tels que 
40 le soufre le s6ienium, le phosphors, I'arsenic, le silicium ou le germanium, dont reiectron6gativit6 plus grande perrriet 
de moduler le potentiel redox des elements de transition, mais au d6pens de la conductivite eiectronique. Un elfet 
similaire est obtenu par une substitution partielle ou totale des atomes d'oxygfene par le fluor ou I'azote. 
[0021] Les materiaux d'eiectrode ou redox sont ainsi decrlts par la fom:iule gen6rale fi^Mm^Po^cFfians laquelle: 

45 A comprend un metal alcalin tels que Li, Na, K; . . . , 

comprend au moins un metal de transition, et optionnellement un metal autre qu'un metal de transition, tel que 

le magnesium ou I'alumlnium; 

Z comprend au moins un non-m6tal tel que S, Se, P, As. Si, Ge; 

50 N est r^cAeel F est le fluor, ces demiers elements pouvant se substituer k I'oxygene dans I'oxyde complexe du 
fait des rayons ioniques voisins des ions F-, 02- et N^-; et 

chacun des coefficients a, m, z, o, n et f 2 0 de fagon ind6pendante. de mani6re k assurer reiectroneutralite du 
materiau. 

ss - [0022] L 8 oxydes pr6ferentiels selon la pr6sente invention comprennent ceux de formules Lii«(w1Pi.xSix04; 
iiux.yMPi-xSix04^Fy; Li3.,,,M2(P,.x.ASiz04)3; lh*»•x*^^2.z.^^%'K^P^■x.^y^'^O^h ^U.Jis0^2^ Lu^.g^Mg^ 
TisOi2. dans lesquellesws 2; O^x; y s 1; z5 1 etM comprend FeorMn. , . ,.. 

[0023] Le revStement carbone peut Stre depose par differentes techniques, qui font partie integrale da I invention. 



4 



BNSOOCID: <EP 10491S2A2 I > 



EP 1 049 182 A2 



Une m^thode pr6(6r6e consiste k pyrolyser une matifere organique, de pr6f6rence riche en carbone, en presence du 
mat^riau redox, Sont particuli^rement avantageux les m6somol6cules et polymSres susceptibles de former facilement, 
soil m^caniquement, soil par impregnation S partir d'une solution ou par polymerisation in situ, une couche uniforme 
d la surface des grains du matSriau r6dox. Une pyrolyse ou deshydrog^nation de I'ensemble permet d'obtenir une 

5 couche fine et uniforme de mat6riau carbon6 ^ la surface des grains du mat6riau r6dox. Afin que la composition de 
ce dernier ne soit pas affect6e par la reaction de pyrolyse ou de dSshydrogenation, il est judicieux de choisir des 
compositions dont la pression d'oxygSne Iib6r6e par le materiau soit suffisamment faible pour eviter I'oxydation du 
carbone forme par la pyrolyse. L'activite de I'oxygene des composes A^M^ZPoNnFt peut etre controiee par la teneur 
en metal alcalin, qui elle-mSme determine l'6tat d'oxydation du ou des elements de transition contenus dans le materiau 

10 et fait partie integrate de I'invention. Sont particuliferement interessants las compositions dans lesquelles le coefficient 
■ "a" de la teneur en metal alcalin permet de maintenir les etats d'oxydation suivant: Mn2+ V^, T|2+, Ti3+, 
Mo3+, Mo'*^ Nb3+, Nb**. W*. D'une man iSre gen6rale, des pressions d'oxygSne de I'ordre 1 0-20 bars 6 CC et de 1 0-^o 
bars k 900'C sont suffisamment faibies pour permettre le depflt de carbone par pyrolyse, la cinetique de formation de 
carbone en presence de r6sidu hydrocarbones dus t la pyrolyse etant plus rapide et moins fortement activee que la 

IS formation d'oxyg^ne k partir du materiau redox. II est aussi possible et avantageux de cfioisir des materiaux dont la 
pression d'oxyg^ne en equilibre avec le materiau soit inferieure k celle de I'equilibre 



20 



C + 02«*C02 

[0024] Dans ce cas. le materiau carbone peut Stre thermodynamiquement stable vis4i-vis de I'oxyde complexe. Les 
pressions correspondantes sont obtenues par la formule suivante: 

94050 

1nP(02) = 1nP(CO,).^j273;^^ 



dans laquelle R est la constant des gaz parfaits (1,987 cal.mole-VK-''); et 9 est la tenfip6rature en "C. 
[0025] Le tableau suivant donne les valeurs des pressions d'oxygfene pour quelques temperatures: 





P(02) 




ecc) 


P(C02) = 1 atm 


P(C02) = 10-6 atm 


200 


3.5x10-<* 


3.5x10-<9 


300 


1.4x10-36 


1.4x10-*' 


400 


2.9x10-3' 


2.9x10-33 


500 


2.5 X 10-27 


2.5x10-32 


600 


2.9 X 10-2* 


2.5x10-29 


700 


7.5x10-22 


7.5x10-27 


800 


7.0 X 10-20 


7.0x10-25 


900 


3.0x10-13 


3.0x10-23 



[0026] 1 1 est aussi possible d'eff ectuer le d6p6t carbon6 par la dismutation de I'oxyde de carbone k des temp6ratures 
infSrieures t BOO^C selon l'6quation: 



2CO=>C + C02 

SO 

[0027] Cette r6action est exothermique mais lente. Les particuies d'oxyde complexe peuvent 6tre mises en contact 
avec le monoxyde de carbone pur ou dilu6 par un gaz inerte, h des temperatures allant de 100 & 750"C, de preference 
de 300 h esO'^C. vantageusement, la reaction est conduite en technique de lit fluidise, de maniftre A avoir une grande 
surface d'echange entre la phase gazeuse et la phase solide. Les elements et cations des m6taux de transition presents 
dans roxyde complexe sont des catatyseurs de la reaction de dismutation. 1 1 peut Stre interessant d'ajouter des (aibles 
niiantitAc rifl *5fik rift m^taux da transition Dr6f6fablement le ler nickel, cobalt d la surface des grains, ces elements 
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position d'hydrocarbures en phase gazeuse, tel que les alcanes, ou de pr6f6rence ceux riclies en carbone, tels que 

las alcana, las alcynes ou las hydrocarburas aromatiques. 

[0028] Dans une variante, le depot de mat6riau carbon6 peut etre affectum simultan6ment k une variation de la 
composition en m6taux alcalins A. Pour ce faire. un sal d'un acide ou d'un polyacide organique est m6lang6 avec 
5 I'oxyde complexe. Une autre possibility consiste k partir d'un monom6re ou d'un melange de monomdres qui sent 
polymerises in situ. Par pyrolyse, le compost depose un film de mat6rlau carbon6 k la surface et le m6tal alcalin A 
est incorpord selon I'^quation: 

,^ A,,M„Z,0„N„F, + A^3.C„0,R' => A,M„Z,0,N„F, 

[0029] R* 6tant un radical organique quelconque, 6ventuellement faisant partie d'une trama polymfere. 
[0030] Parmi les composes susceptibles de permettre cetle reaction, on peut citer d'une mani^re non limitante les 
sels d'acide carboxyliques tels que les sets des acides oxalique, malonique, succinique, citrique, polyacrylique, poly- 
is m6thacryljqua. banzoique. phtalique, propiolique. ac6tyI6ne dicarboxyllque, naphtal6ne di- ou t§tracarboxylique. pe- 
ryl6ne tetracarboxyiique, diph6nlque. 

[0031] II est Evident que la pyrolyse d'un mat^riau organique ne contenant pas d'§l6mant alcalin et I'apport de ce 
dernier par un sel peuvent dtre combine afin d'arriver k la stoechiometrie d6sir6e de I'oxyde complexe. 
[0032] II est aussi possible d'obtenir un d6p6t de mat6rlau carbon6. 8p6cialement k des tempdratures basses ou 
20 moyennes. inf^rieures k 400*C par reduction de liaisons carbone-halog^ne selon I'^quation: 

CY-CY + 2e' => -C=C- + 2Y" 

25 oil Y represente un halogfene ou un pseudo-halog^ne. Par pseudo-halogfene, on entend un radical organique ou inor- 
ganique susceptible d'exister sous forme d'ion Y" etde former le compose proton6 correspondant HY Parmi les halog6- 
nes et pseudo-halog6nes. on peut citer d'une mani^re non limitante F, CI, Br, I, CN, SCN, CNO. OH, N3, RCOg, RSO3 
ou R represente H ou un radical organique. La formation par reduction de liaison CY est pr6f6rablement effectu6e en 
presence d'eI6ments reducteurs, par exemple I'hydrogfene, le zinc, le magnesium les ions Tfi*, Ti2+, Sm2+, Cr2+, 

30 les tetrakis(dialkylamino ethylene) ou les phosphines. Ces r6actifs peuvent eventuellement etre obtenus ou r6g^n6r6s 
par voie electrochimique. Par ailleurs. il peut etre avantageux d'utiliser des catalyseurs augmentant la cinetique de 
reduction. Sont particuli6rement efficaces les derives du palladium ou du nickel, en particulier sous forme de complexes 
avec les phosphines ou les composes azotes tel la 2,2'-bipyridine. D'une maniere similaire, ces composes peuvent 
etre generes sous forme active par voie chimique en presence de reducteurs, en particulier ceux precites, ou par voie 

35 electrochimique. Parmi les composes susceptibles de generer du carbone par reduction, on peut citer les perhalocar- 
bones. en particulier sous forme de polym^res, Thexachlorobutadiene, I'hexachlorocyclopentadiene. 
[0033] Un autre moyen de liberer du carbone par un precede k basse temperature consiste en reiimination du com- 
pose hydrogene HY, Y 6tant tel que defini ci-haut, selon I'equation : 

-CH-CY- + B=>-C=C- + BHY 

[0034] Parmi les composes susceptibles de generer du carbone par reduction, on peut citer lescomposes organiques 
comportant un nombre equivalent d'atomes d'hydrog^ne et de groupements Y. tels les hydrohalocarbones, en parti- 
es culler sous forme de polymferes, tel que le polyfluorure, polychlorure ou polybromure ou polyacetate de vinylldene, les 
hydrates de carbones. La deshydro(pseudo)halo9enation peut etre obtenue k basse temperature, incluant la tempe- 
rature ambiante, par Taction d'une base susceptible de r6agir avec le compose HY pour former un sel. A ce titre, on 
peut citer les bases tertiaires. amines, amidines, guanidines, imidazoles, les bases inorganiques telles que les hy- 
droxydes alcalins, les composes organom6talliques se comportant comme des bases fortes telles que A(N(Si(CH3)3)2. 
so LiN[CH(CH3)2]2 ou 1© butyl lithium. 

[0035] Dans les deux dernieres methodes pr6citees, il peut etre avantageux de recuire les materiaux apres le dep6t 
de carbone. Ce traitement permet une ameilofation de la structure ou de la cristallinite du carbone. Le traitement peut 
Stre effectue k une temperature variant entre 100 k 1000^*0. de preference entre 100 k 700**C, ce qui permet d'6viter 
yne eventuelle reduction de I'oxyde complexe par le materiau carbone. 
55 [0036] D'une mani^re generate, il est possible d'obtenir des revetements de materiau carbone uniformes, assurant 
une conductivite eiectronique suffisante. c' st-:&KJire au moins du m§me ordre que la conductivite ionique dans le grain 
d'oxyde. Les revitements epais permettenl rfbbtenir une conductivite suffisante pour que le melange binaire des grains 
d'oxyde complexe enrobes demat6riau carbone avec I'eiectrolyte, liquide ou polym^re ou le liant inerte macromoie- 
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culaire destin6 k etre imbib6 d'6lectrolyte, soit conducteur par simple contact entre les particules. En g§n6ral, ce com- 
portement peut s'observer h des fractions volumiques comprises entre 1 0 et 70%. 

[0037] II peut dtre aussi avantageux de choisir des depots de mat^riau carbond suffisamment fin pour ne pas faire 
obstacle au passage des ions, tout en assurant la repartition du potentiel 6lectrochimique k la surface du grain. Dans 

s ce cas, les melanges binaires ne poss6dent 6ventuellement pas une conductivity 6lectronique sutfisante pour assurer 
les ^changes 6lectroniques avec le support de r6lectrode (collecteur de courant). Uajout d'un tiers composant con- 
ducteur 6lectronique, sous forme de poudre fine ou de fibres, permet d'obtenir une conductivity macroscoplque satis- 
faisante et am6liore les ^changes 6lectroniques avec le support de I'^Iectrode. Les noirs de carbone ou les fibres de 
carbone sont particuli6rement avantageux pour cette fonction, et donnent des r6sultats satisfaisants k des taux volu- 

10 miques n'affectant peu ou pas la rh6ologle lors de la mise en oeuvre de r6lectrode du fait de I'existence d'une con- 
ductivity yiectronique k la surface des grains du mat^riau d'yiectrode. Des fractions volumiques de 0.5 k 10% sont 
partlculiyrement pryfyryes. Les noirs de carbone de type noir de Shawinigan® ou Ketjenblack® sont pr6f6rys. Parml 
les fibres de carbone. celles obtenues par pyrolyse de polymyres tels que le brai, le goudron. le polyacrylonitrile ainsi 
que celles obtenues par "cracking" d'hydrocarbures sont pryfyryes. 

IS [0038] II est intyressant, du fait de sa lygferety et de sa maliyability, tfutillser Taluminium comme constituant des 
collecteurs de courant. Ce mytal est nyanmoins recouvert d'une couche isolante d'oxyde. Cette couche. qui protege 
le mytal de la corrosion, peut dans certaines conditions augmenter d'ypaisseur, ce qui ambne une rysistance accrue 
de rinterface, pryjudiciable au bon fonctionnement de la cellule yiectrochimique. Ce phynomfene peut etre particuliy- 
rement genant et rapide dans le cas ou la conductivity yiectronique serait uniquement assurye, comme dans I'art 

20 antyrieur, par des grains de carbone ayant un nombre de points de contacts llmitys. L'utilisation, en conjonction avec 
I'aluminium, des matyriaux d'yiectrode recouverts d'une couche de matyriau carbony conducteur permet d'augmenter 
la surface d'ychange aluminium-yiectrode. Les effets d'une corrosion de I'aluminium sont ainsi annuiys ou k tout le 
moins significativement minimisys. II est possible d'utiliser soit des collecteurs d'aluminium sous fomfie de feuillards 
ou yventuellement sous forme de mytal dyployy ou expansy. ce qui permet un gain de poids. Du fait de propriytys 

2S des matyriaux de I'invention. meme dans le cas d'un mytal dyployy. les ychanges yiectroniques au niveau du collecteur 
se font sans surcroTt notable de la rysistance. 

[0039] Lorsque les collecteurs de courant sont thermiquement stables, il est aussi possible d'effectuer la pyrolyse 
ou dyshydrogynation directement sur le collecteur, de manifere k obtenir apr^s dypot de carbone, un film continu poreux 
qui peut etre infiltry par un liquide conducteur ionique. ou bien par un monomyre ou myiange de monomyres dont la 
30 polymyrisation in situ g6nbre un yiectrolyte polym^re. La formation de films poreux dans lesquels le revetement carbony 
forme une trame sont aisyment obtenus dans le cadre de I'invention par pyrolyse tfun composite polymfere-oxyde 
complexe dyposy k rytat de film sur un support mytalllque. 

[0040] Lors de la mise en oeuvre du matyriau d'yiectrode de la prysente invention dans une cellule yiectrochimique, 
pryfyrablement de type batterie primaire ou secondaire, I'yiectrolyte est un pryfyrablement un polymfere, solvatant ou 

35 non, optionneliement plastlfiy ou gyilfiy par un liquide polaire contenant en solution un ou plusieurs sels mytalliques, 
et pryfyrablement au moins un sel de lithium. Dans un tel cas, le polymyre est pryfyrablement formy k partir d'unitys 
oxyythyl6ne. oxypropyl6ne, acrylonitrile. fluorure de vinylldfene, des esters de I'acide acryllque ou mytacrylique, les 
esters de I'acide itaconique avec des groupements alkyles ou oxaalkyles. L'yiectrolyte peut ygalement etre un liquide 
polaire immobilisy dans un syparateur microporeux tels qu'une polyoiyfine, un polyester, des nanopartlcules de silice, 

40 d'alumine ou d'aluminate de lithium LIAIOg. Des exemples de liquldes polalres comprennent les carbonates cycliques 
ou linyaires, les formiate d'alkyle, les a - co alkylethers, oligoythyl6ne glycols, la N-mythylpyrrolidinone, la y-butyrolac- 
tone, les tytraalakylsulfamides, et leurs myianges. 

[0041] Les exemples suivants sont fournis afin d'illustrer certaines mises en oeuvre pryfyrentlelles de I'invention, et 
ne doivent pas Stre considyrys comme en limitant la portye. 

45 

Exemple 1 

[0042] Get exemple illustre la synthase d'un matyriau de I'invention conduisant directement k un matyriau d'insertion 
recouvert d'un dyp6t de carbone. 
so [0043] Le matyriau LiFeP04 recouvert d'un dyp6t carbony a yt6 synthytis6 k partir de vivianite Fe3(P04)2 • BHgO et 
d'orthophosphate de lithium Li3P04 en proportions stoechiomytriques selon la ryaction: 

Fe3(P04)2 • ^^2^ + L'3P^4 =^ ^ LiFeP04 

55 

[0044] Une poudre de polypropylene a yty ajoutye dans une proportion reprysentant 3 % du poids de la vivianite. 
Les quantiiys pesyes de chacun des composants ainsi que la poudre de polypropyl6n ont yty intimement broyyes 
ensemble dans un broyeur k billes de zircone. Le myiange a ensuite yty chauffy sous atmosphere Inerte tfargon. dans 
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un premier temps k 350'*C pendant 3 heures pour d^shydrater la vivianite, puis la temperature a 6t6 6!ev6e graduel- 
lement jusqu*^ 700°C pour cristalliser le mat^riau at carboniser le polypropylene. La temperature a 6t6 maintenue h 
700^*0 pendant 7 heures. La structure du mat§riau obtenue a ete v6rifi6e par RX et correspond k celle publl6e pour 
la triphyilite. Le pourcentage de carbone present dans l'6chantillon a 6\6 determine par analyse eiementaire. A la 
5 precision de la mesure, la teneur en carbone est de 0.56% dans I'exemplepresente. Pour comparaison. unechantillon 
a ete prepare dans les m§mes conditions en omettant la poudre de polypropylene. Get 6chantlllon pr6sente egalement 
une structure cristalline pure de type LiFeP04 

Proprietes eiectrochimiques 

70 

[0045] Les materiaux prepares ont et6 testes dans des piles boutons du type CR 2032 h temperature ambiante et 
6 80*C. 

Test^80*'C 

75 

[0046] Les cathodes ont ete preparees en meiangeant ensemble la poudre du materiau actif avecdu noirde carbone 
(Ketjenblack®) pour assurer rechange eiectronique avec le collecteur de courant et du polyoxyde methylene de masse 
400 000 utilise comme agent liant d'une part et conducteur ionique d'autre part. Les proportions en poids sont 35:9: 
56. De I'acetonitrile est ajoute au melange pour dissoudre le polyoxyde d'ethyiene. Le melange homogen6is6 est 

20 ensuite couie sur un disque d'acier inoxydable de 1 .7 cm^. La cathode est s6chee sous vide puis transferee en boTte 
k gants Vacuum Atmospheres, sous atmosphere d'heiium (< 1 vpm HgO. Og). Une teuille de lithium (27 jim) laminee 
sur un substrat de nickel a ete utilisee comme anode. L'eiectrolyte polymSre etait compose de polyoxyde methylene 
de masse 5000000 et de LiTFSI (sel de lithium de la bistrifluoromethanesulfonimide) dans les proportions oxygene 
des unites oxyethyiene / lithium de 20 : 1 . 

25 [0047] Les experiences eiectrochimiques ont ete menees k 80°C. temperature k laquelle la conductivite ionique de 
l'eiectrolyte est suffisante, (2 x 10'^ Scm-""). Les etudes eiectrochimiques ont ete realisees par voltamm6trie lente (20 
mV.h-'i) contrdiee par un cycleur de batterie de type Macpile®. Les batteries ont ete charg6es et dechargees antra 3.7 
et 3 Volts. 

[0048] La Figure 2 presente le premier cycle obtenu pour les mat6riaux carbones et non carbones dont la synthfese 
30 est decrite precedemment. Pour rechantillon non carbone les phenom^nes d'oxydation et de reduction s'etendent sur 
une large plage de potentiel. Pour rechantillon carbone, les pics sont mieux definis. revolution des 2 materiaux au 
cours des 5 premiers cycles et tr6s diff6rente (Figure 3). Pour rechantillon recouvert d'un dep6t de carbone. las cin6- 
tiques d'oxydation et de reduction sont de plus en plus rapides, ce qui setraduit par des pics de mieux en mieux definis 
(courants de pics plus eieves et pics plus etroits). En revanche, pour rechantillon non carbone, les cinetiques appa- 
35 raissent de plus en plus lente. revolution de la capacite de ces deux echantillons est presentee sur la Figure 4. Dans 
le cas de rechantillon carbone. la capacite echangee est stable. Elle represente de 94 ^ 1 00% de la capacite theorique 
(170 mAh.g-1) suivant tes essais. La capacite initiale du materiau non carbone se situe aux alentours de 145 mAh.g-^ 
soit 85 % de la capacite theorique. Pour cet echantillon. la capacite echangee decroit rapidement. Apres 5 cycles la 
batterie a perdu 20% de sa capacite initiale. 
40 [0049] L'echantillon carbone a ete cycle en mode intent iostatique entre 3.8 et 3 V avec des regimes de charge et 
de decharge rapide. Les courants imposes correspondent k un regime en C/1 , ce qui signifie que toute la capacite est 
echangee en 1 heure. Ces resultats de cyclages sont presentee k la Figure 5. Les 5 premiers cycles ont ete realises 
en mode voltamperometrique pour activer la cathode et determiner sa capacite. Dans ce cas, 100% de la capacite 
theorique a ete echangee durant les premiers cycles voltamm6triques et 96% durant les 80 premiers cycles inten- 
ds tiostatiques. Par la suite la capacite decroit lentement et apres 1000 cycles, 70% de la capacite (120 mAh-g*"") est 
encore echangee k ce regime. Le cyclage en mode potentiodynamique realise aprds 950 cycles montre qu'en fait, 
89% de la capacite initiale est encore disponible k des regimes de decharges plus lents. Cette perte da puissance est 
associee k I'augmentation de la resistance d'interface lithium/electrolyte polymere. L'allure erratique du parametre C/ 
D (capacite passes en charge)/(capacite passee en decharge) en fin de cyclage laisse en eff et presumer de la fomnation 
50 de dendrites. Ce parametre est trace sur la Figure 5. 

Test k temperature ambiante (electrolyte liquide) 

[0050] Le materiau LiFeP04 recouvert d'un dep6t de carbone a egalement ete teste k temperature ambiante. Dans 
55 ce cas, la cathode composite est preparee en meiangeant le materiau actif avec du noir de carbone et de I'EPDM 
(prealablement dissout dans du cyclohexane) dans les proportions 85:5:10. Le melange est etendu sur un collecteur 
de courant en acier inox en forme de disqua de 1 .7 cm?, seche sous vide et consen/6 en boTte k gants sous atmosphere 
d'heiium. Comme pr6c6demment, le lithium est utilise comme anode. Les deux electrodes sont s6par6es par une 
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membrane poreuse de type Celgard™ 2400. L*61ectrolyte utilis6 est une solution de LiTFSI 0,8 molale dans la gamma- 
butyrolactone. 

[0051] Les voltamp§rogrames pr6sentds h la Figure 6 ont 6te r6alis6s h temperature ambiante avec une Vitesse de 
balayage de 20 mV.h-"» entre 3 et 3.8 volts. Dans cette configuration, les cin6tiques d'oxydation et de reduction appa- 
5 raissent comme 6tanl beaucoup plus lentes qu'^ BOX. De plus, la batterie perd I6g6rement en puissance au cours du 
cyclage. En revanche, la totality de la capacity thdorlque est accessible (97.5% cycle 1 . 99.4% cycle 5). Elle a 6t6 
6chang6e sans perte sur la dur6e de rexp6rience (5.cyc!es). ll n'est pas exclu que latarble puissance de cette batterie 
puisse provenir d'une mauvaise Impregnation de r^lectrode par r6Iectrolyte. ce demier ne mouillant pas le polym^re 
utilis6 comme agent liant. 

10 [0052] Get example illustre done que ramdlioration du matfirlau 6tudi6. en raison de la presence du d6p6t de carbone 
k la surface des grains, porte sur la cln6tique. la capacity et la cyclabilil6. De plus, son r6le est Ind6pendant de celui 
du carbone ajout6 lors de la preparation des cathodes composites. 



Exemple 2 

IS 

[0053] Get exemple illustre la formation d'un d6p6t conducteur carbone h partir d'un gaz de type hydrocarbure. La 
synthase decrite dans I'exemple 1 pour la preparation du phosphate double de lithium et de fer a 6\6 reprise en omettant 
la poudre de polypropylene et en rempla9ant Tatmosphere Inerte du traitement thermlque par un melange de 1 % de 
propene dans I'azote. Lors du traitement thermique. le propSne se decompose pour former un depot de carbone sur 

20 le materiau en cours de synthese. L'echantillon obtenu contient 2.5% de carbone. determine par analyse chimique. 
Une vottammetriecyclique realisee dans les conditions decrites dans I'exemple 1 sur cet echantillon met en evidence 
un phenomena important d'activation au cours des premiers cycles (voir Figure 6). L'ameiioration des cinetlques s'ac- 
compagne dans ce cas d'une augmentation de la capacite reversiblement echangee. Telle que mesur6e lors de l'6tape 
de decharge, la valeur de capacite initials de l'echantillon de LiFeP04 prepare represente 77% de la capacite theorique 

25 en tenant compte des 2,5 % de carbone eiectrochimiquement inactif . Apres 5 cycles, cette capacite attaint 91 .4%. Le 
ph6nomene d'activation observe est relie k repaisseur de la couche de carbone eventuellement poreux enrobant les 
grains et pouvant ralentir la diffusion des cations. 

[0054] Les exemples 3-5 illustrent le traitement de I'oxyde complexe, en I'occurrence le phosphate double de fer et 
de lithium LiFeP04, prepare independamment par vole thermique, de mani6re k obtenir un revetement carbone con- 
30 ducteur. 

Exemple 3 

[0055] L'echantillon de tryphilite LiFeP04 tel que synthetis6 precedemment a 6te analyse. Sa composition massique 
35 est : Fe 34.6%. Li 4.2%, P 1 9.2%, soit un ecart k la stoechiometrie d'environ 5%. La poudre k traiter a ete impregnee 
d'une solution aqueuse de sucrose commercial puis sech6e. La quantite de solution a 6t6 choisie de manidre k cor- 
respondre a 1 0 % du poids de sucrose par rapport au poids du materau k traiter L*6vaporation de I'eau jusqu'^ siccite 
complete a ete faite sous agitation pour obtenir une repartition homogfene, L'emploi du sucre represente une mise en 
oeuvre pr6ferentielle. car il fond avant de se carboniser, ce qui permet de bien enrober les grains. Son rendement 
40 relativement faible en carbone apr6s pyrolyse est compens6 par son prIx peu eiev6. 

[0056] Les traitements thermiques ont 6t6 r6alis6s k 700*0 sous atmosphere d'argon). La temperature a 6te main- 
tenue pendant 3 heures. Une analyse 6l6mentaire montre que ce produit contient 1.3 % en poids de carbone. Le 
traitement thermique pr6cedemment decrit conduit k une poudre noire presentant une conductivite eiectronique de 
surface mesurable par un simple ohm-metre commercial. Son eiectroactivite, telle que mesuree sur le 1 er cycle (Figure 
45 8) et le seme cycle (Figure 9) de charge-decharge est de 155.9 mAhg-^ et 149.8 mAhg-i respectivement. soit 91 .7% 
et 88.1 % de la th6orie. Ces valeurs sont k comparer k celles du produit non revdtu du dep6t carbone, dont seulement 
64% sont eiectroactifs lors du premier cycle. Apres 5 cycles, cette valeur tombe k 37.0% (voir Figure 10). 



Exemple 4 

so 

[0057] Le phosphate double LiFeP04 de I'exemple 3 a ete additionne d*ac6tate de cellulose comme precurseur du 
revetement carbon . Ge polym6re est connu pour se d6composeravec de bons rendements de carbonisation, soit de 
I'ordre de 24 %, 11 se decompose entre 200 et 400*G. Au-deia de cette temperature, le carbone amorphe obtenu se 
reorganise pour donner une structure de type graphite ce qui est favorable k Tobtention de depdts de carbone coherents 
55 et tres conducteurs. L'acetale de cellulose a 6t6 dissoul dans de I'acetone dans une proportion correspondant k 5 % 
du poids de la matiere traiter t s6ch6 avant de proc6der- comme d6crit plus liaut. U teneur du produit final en 
carbone est de 1.5%. Le trait ment thermiqu conduit d'une maniere similaire k une poudre noire pr6sentant une 
conductivite eiectronique de surface.-Son eiectroactivite, telle que mesure sur le 1 r cycle (Figure 8) et le 56me cycle 
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(Figure 9) de charge-decharge est de 152.6 mAhg-i et 1 50.2 mAhg-i respectivement. soit 89.8% et 88.3 de la thdone. 
Ces valeurs sont k comparer celles du produit non revStu du d§p6l carbonS, dont seulement 64% sont 6lectroactifs 
lors du premier cycle. Apr6s 5 cycles, cette valeur tombe k 37.0% (voir Figure 10). 

Exemple 5 

[0058] Le p6tyl6ne et ses d6riv6s sont connus pour donner, apr&s pyrolyse, des carbones de type grapliitique du 
fait de {'existence de cycles condens6s dans la mol6cule de depart. En particulier, I'anhydride de I'acide p6ryl6ne- 
tetracarboxylique se decompose au-dete de seCC en donnant des revStements de carbone tr6s couvrants. Depen- 
dant ce produit est present en solubilite trfes faible, et leur m6lange Intime avec Toxyde complexe. ici aussi LiFeP04 
selon Pexemple 3 est difficile k mettre en pratique. Pour r6soudre ce problfeme. a 6X6 synth6tls§ dans une premi&re 
6tape un polymSre contenant les groupements p6ryl6ne s6par6s par une chatne de polyoxyde d'6thyl6ne. Les seg- 
ments oxyethyl6ne sont choisis suffisamment longs pour agircomme agents de solubilisation des groupements aro- 
matiques dans les solvants organiquetiabituels. Pour cela, on a fait r6agir I'anhydride de I'acide 3.4.9, 10-peiyl6nete- 
tracarboxylique commercial (Aldrich) est sur la Jeffamine 600 (Hunstmann, USA) a chaud, en suivant la reaction : 



20 




0 




25 Avec 



R = -ICH(CH3)CH20-]p(CH2CH20)q [CH2-CH(CH)30]p.,CH2-CH(CH)3. 



1 <p<2;10<n<14 

La synthese a et6 eff ectuee en 48 heures dans du dimethylacetamide au reflux (1 66''C). Le polymere formd est pr6cipite 
dans I'eau puis separ6 par filtration. II est purifi6 par une dissolution dans I'acetone. filtration, suivi d'une re-pr6cipitation 

35 dans Tether. Ce processus permet d'eliminer les produits de depart non rdagi et les faibles masses. La poudre obtenue 
est finalement s6ch6e. Le rendement de carbonisation de ce produit est de I'ordre de 20 %. 
[0059] Ce polym6re a 6t6 dissout dans du dichlorom6thane dans une proportion correspondant h 5 % du poids de 
la mati^re h traiter avant de proc6der comme d§crlt aux exemples 3 et 4. La teneur du produit final en carbone est de 
1% Le traitement thermique conduit comme pr6c§demment k une poudre noire conductrice. Son 6l6ctroactivit6. telle 

40 que mesur§e sur le 1er cycle (Figure 8) et le 56me cycle (Figure 9) de charge<lecharge est de 148 mAhg-i et 146.9 
mAhg-1. soit 87.4% et 86.4% de la th^orie. Ces valeurs sont k comparer k celles du produit non revStu du d6p6t 
carboni, dont seulement 64% sont 6lectroactifs lors du premier cycle. Apr6s 5 cycles, cette valeur tombe 37.9 % 
(voir Figure 10). 

45 Exemple 6 

[0060] Get exemple illustre I'utilisation d'une reaction d'dlimination k partir d'un polymfere pour former un d6p6t car- 
bond selon la pr6sente Invention. x ^- ^ 
[0061] Du sulfate de fer (ferrique) Fe2(S04)3 ayant une structure "Nasicon" orthorhomblque est obtenu k parlir de 

so sulfate de fer (lll)tiydrat6 commercial (Aldrich) par d6shydratation k ASO'C sous vide. En refroidissant et sous agitation, 
la poudre est suspendue dans de Thexane et Iithi6e avec une quantit6 stoechiom6trique de butyl lithjum 2M pour 
donner la composition Li^ 5Fe2(S04)3. 20 g de cette poudre blanche sont suspendus dans 100 ml d'ac6tone et 2 2 g 
de bromure de poly(vinylidene) (-CHgCBr^)^- sont ajout§s et le melange est trait6 pendant 12 heures dans un mdlan- 
geu r k billes comprenant des billes d'alumin . U suspension obtenue est s§ch6e dans un 6vaporateur rotatrf et broy6e 

55 en une poudre grossifere dans un mortier. Le soltde est trait6 avec 3 g de diazabicyclo [5.4.0]unde-7-c6ne (DBU) dans 
rac6tonitrile sous-reflux pour 3:heurBS. La poudre noire ainsi obtenue est filtrde pour retirer le bromure d'amine et 
I'excfes de r6actif. rinc6eavecderac6tonitri!e. ets6ch6e sous vide §60»C. Led6p6tcarbon6 est recuitsousatmosphdre 
d'argon d6pounAJ d'oxygfene (< 1 ppm) k 400' p ndanl 3 heures. 
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[0062] Le mat^riau recouvert du mat6riau carbon§ a 6t§ teste pour son activity 6lectrochimique dans une pile au 
lithium coniprenant une Electrode de lithium m6tal. du bis-(trifluorom6thanesulfonimide) de lithium 1 M dans un melange 
50:50 de carbonate d'6thyl6ne-dim6thoxy6thane comma Electrolyte immobilisS dans un s6parateur de polypropylene 
microporeux de 25\xrt). La cathode a 6t6 obtenue h partir du mat6riau r6dox pr§par6 avec du noir de carbone (Ketjen- 
5 black'^M) et mis en pSte dans une solution du polymfere rf6thyl6ne-propyl6ne'di6ne, la proportion de solides 6tant 85: 
10:5. Le melange de la cathode est 6pandu sur un grillage d'aluminium expanse, et press6 ^ une tonne/cm2 pour 
donner une 6paisseur de 230 ^im. Get assemblage pile bouton est charg6 (le mat^riau test6 6tant I'anode) k 1 mAcm'^ 
entre des potentiels de 2.8 et 3.9 volts. La capacity du mat^riau est de 120 mAgh-i , correspondant k 89% de la valeur 
thtorique. Le potentiel moyen a 6t6 obtenu k 3.6 V vs. Li+:Li^. 

10 

' Exemple7 

[0063] Get exemple illustre rutilisalion d'un compos6 comprenant de I'azote comme mat6riau d'6lectrode. 
[0064] Des poudres d'oxyde manganeux MnO et de nitrure de lithium, tous deux commerciaux (Aldrich), sont mi- 
is lang6s dans une boite s6che sous atmosphere d'h^lium dans une proportion 1:1. Les r^actifs sont places dans un 
creuset de carbone vitreux et trait^s sous atmosphere d'azote dSpoun^u d'oxygfene Ivpm) k 800*C. 12 g de Toxy- 
nitrure r^sultante ayant une structure anti-fluorite LigMnNO sont ajoutes k 0.7 g d'une poudre de polyethylene ayant 
des particules de I'ordre du micrometre, et melanges dans un meiangeur k bllles sous atmosphere d'heiium dans un 
contenant en polyethylene avec de i'heptane sec comme agent de dispersion et 20 mg de Brij™ 35 (IGI) comme 
20 surfactant. Le melange filtre est ensuite traite sous un courant rfazote d6poufvu d'oxygene dans un four k 75(fC pour 
decomposer le polyethylene en carbone. 

[0065] Le materiau d'eiectrode recouvert de carbone apparalt sous forme de poudre noire rapidement hydrolys6e 
dans I'air humide. Toutes les manipulations subsequentes sont done conduites dans une boite seche dans laquelle 
une pile similaire k celle de Texemple 6 a ete construite et testee pour I'activite eiectrochimique du materiau prepare. 

25 ^electrolyte, dans ce cas, est un melange de tetraethylsulfamide commercial (Fluka) et de dioxolane dans un rapport 
volumique 40:60. Les deux solvants ont ete purifies par distillation en presence d'hydrure de sodium (sous pression 
reduite de 10 torrs dans le cas de la sulfamide). A ce melange de solvants, est ajoute le bis-{trif!uorom6thanesulfoni- 
mide) de lithium (LiTFSI) pour former une solution de 0.85 molaire. De la m§me fafon que pour I'exemple 6. la cellule 
comprend une electrode de lithium, un electrolyte immobilise dans un separateur en polypropylene poreux de 25|im, 

30 et le materiau prepare de la meme maniere que dans I'exemple 6. 

[0066] La cathode est obtenue k partir du materiau redox prepare en melange avec le noir de carbone (Ketjen- 
black*™) et mis en pSte dans une solution de polym6re ethyiene-polypropyiene-diene. la proportion de solides 6tant 
90:5:5. Le melange de la cathode est presse sur un grillage de cuivre expanse k 1 tonne/cm^ avec une epaisseur 
resultante de 1 25 ^m. L'assemblage pile bouton est charge ^ 0.5 mAcm-2 (roxynitrure etant Tanode) entre des potentiels 

35 de 0.9 et 1 .8 volts. La capacite des materiaux est de 370 m Agh-1 . i.e., 70% de la valeur theorique pour deux electrons 
par unite de la formule. Le potentiel moyen a et6 mesure & 1.1 V vs. Li+:Li<>. Ce materiau peut etre utilise comme 
materiaux d'eiectrode negative dans des piles de type lithium-ion. Une cellule experimental de ce type a ete construite 
avec le materiau d'eiectrode sur un grillage de cuivre similaire k celui teste prec6demment, et un materiau d'eiectrode 
positive obtenu par la deiithlation chimique du phosphate de fer et lithium de I'exemple 1 en presence de brome dans 

40 racetonitrile. Le phosphate de fer (II I) obtenu est press6 sur un grillage d'aluminium pour former reiectrode positive et 
la solution de 0.85 M de LiTFSI t6tra6thylsulfamide/dioxolane est utilis6e comme electrolyte. Le voltage moyen de 
cette cellule est de 2.1 volts et sa densite d'energie. basee sur le poids des materiaux actifs, est de 240 Wh/Kg. 

Exemple 8 

4S 

[0067] Le phosphosilicate de lithium vanadium (ill) Li3.sV2(P04)2.5{Si04)o.5. ayant une structure Nasfcon, est prepare 
de la fagon suivante. 

[0068] Du carbonate de lithium (1 3.85g). du silicate de lithium LigSiOg (6.74 g). du phosphat d'ammonium dihydro- 
gene (43.2 g) et du vanadate d'ammonium (35.1 g) sont melanges avec 250 mL d'ethylmethylcetone et traites dans 

so un meiangeur k billes comprenant des billes d'alumine et un contenant de polyethylene k parois epaisses pour 3 jours. 
La pate resultante est filtree, sechee et traitee dans un four tubulaire sous un courant d'azote comprenant 10% d'hy- 
drogene, k 600*»C pendant 12 heures. Apres refroidissement. 10 g de la poudre resultante sont introduits dans un 
meiangeur k billes planetaires comprenant des billes de carbure de tungstene. La poudre resultante est ajoutee k une 
solution du polymere polyaromatlque prepare k I'exemple 5 (polyoxo6thyiene-co- p6ry!enetetracart)oxylique diimide, 

55 0.8 g dans 5 mL d'acetone), homogeneise, et le solvant a ete evapore. 

[0069] La poudre rouge-brun a ete thermolysee dans un courant d'argon depoun/u d'oxygene k 700X pendant 2 
heures, pou r donner apres refroidissement une poudre noire ayant une conductivite de surface mesurable. Le materiau 
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electrode de graphite naturel (NG7) recouverte d'un collecteur de courant de cuivre at correspondant k 24 mg/cm^ 
de rhexafluorophosphate de lithium 1 M dans un melange carbonate d'6thyl6ne: dim^thylcarbonate 50:50 comme 
Electrolyte immobiIis6 dans un s6parateur de polypropylene microporeux de 25 ^im. La cathode a 6t6 obtenue k partir 
du phosphosillcate de lithium et vanadium m6lang6 avec du noir de carbone (Ketjenbiack™) el mis en p§te dans une 
solution de copoiymere de fluorure de vlnylidSne-hexafluoropropSne dans rac6tone. les proportions de solides 6tant 
85- 1 0-5 Le melange de la cathode est 6pandu sur un grillage d'aluminium expans6 et pressd k une tonne/cm2 rdsultant 
en une epaisseur de 190 correspondant k une charge de mat^riau actif de 35 mg/cm2 ^assemblage pile bouton 
est charge (le mat^riau test6 §tant I'anode) k 1 mAcm-2 entre les potentiels de 0 et 4.1 volts. La capacity du mat^riau 
recouvert de carbone est de 184 mAgh-i ce qui correspond k 78% de la valeur th6orique (3.5 lithium par unit§ de 
formule) avec une I§g6re baisse apr^s cyclage. De tagon comparative, une cellule similaire construite en utiiisant un 
materlau non recouvert, tel qu'obtenu aprds melange du pr6curseur inorganique traits k la chaleur. mais en omettant 
I'ajout du polym6re de p6ry!fene, d6montre une capacity de 105 mAgh-i. qui ddcroTl rapidement avec le cyclage. 

Exemple 9 

[0070] Get exemple illustre la formation d'un revetement carbon^ en variant le contenu de m^tal alcalin dans le 

mat6riau redox. i_ « ^ ^ • 

[0071] 1 3 54 g de fluorure de fer (III) commercial (Aldrich), 1 .8 g de sel de lithium de I'acide hexa-2,4-dyine dicar- 
boxylique sont m^lang^s dans un m^langeur k billes comprenant un recipient en poly6thyl6ne k parois 6paisses et 

20 des billes d'alumine. en presence de 100 mL d'ac6tonitrile. Apr^s 1 2 heures. la pate r^sultante est filtr6e et la poudre 
s6chee est traitee par un courant d'azote sec depoun^u d'oxyg^ne dans un four tubulaire k 700»C pendant 3 heures. 
La poudre noire r^suitante contient selon I'analyse 6l6mentaire: Fe: 47%. F: 46%. Li: 1 . 1 8%. C: 3.5%. ce qui correspond 
k la formule Llo oFeFaCo 35. Le mat§riau d'6Iectrode a 6t6 test6 pour sa capacity dans une cellule similaire k celle de 
rexemple 6 avec la difference que la cellule est d'abord test6e en d6charge (le mat6riau d'6lectrode 6tant la cathode). 

25 et ensuite recharg6e. Les voltages 6taient compris entre 2.8 et 3.7 volts. La capacity exp^rimentale lors du premier 
cycle 6tait de 190 mAgh-i. ce qui correspond k 83% de la valeur th6orique. En comparaison, une cellule avec FeF^ 
comme mat6riau d'6lectrode et aucun revetement carbon6 poss^de une capacite th6orique de 246 mAgh V En prati- 
que, le premier cycle de d^charge obtenu dans les conditions similaires k celle du mat^riau de ['invention est de 137 
m Agh-"" . 
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Exemple 10 



[0072] Get exemple illustre aussi la formation d'un revetement carbon6 en variant le contenu de m6tal alcalin dans 
les materiaux redox. 

35 [0073] De I'acide polyacrylique commercial de poids moleculaire 1 5 000 a et6 dissout pour donner une solution 1 0 /o 
dans un melange eau/m6thanol. et titre avec I'hydroxyde de lithium k un pH de 7. 4 ^iL de cette solution ont 6t6 s6ch6s 
dans un creuset k air thermogravimetrique k 80'»G pour 6vaporer reau/m6thanol. Le chauffage s'est poursuivi k 500»C, 
donnant un r^sidu de 0.1895 mg de carbonate de lithium calcin§. 

[0074] 1 8 68 g de phosphate de fer (III) dihydratd commercial (Aldrich). 8.15 g d'oxalate de lithium (Aldrich), 39 mL 
40 d'une solution de polyacrylate de lithium. 80 mL d'ac6tone. et 40 mL de 2,2.dim6thoxy ac6tone capable de pi6ger I'eau 
par reaction chimique. sont m6lang6s dans un m^langeur k billes comprenant un flacon en polyethylene k parois 
epaisses et des billes d'alumine. Apr6s 24 heures. la p§te resultante est f lltr§e et s6ch6e. La poudre obtenue est trait6e 
sous un courant d'azote sec d6pourvu d'oxyg^ne dans un four tubulaire k 700'»C pendant trois heures. donnant ainsi 
une poudre noirStre. Le produit resultant contient, selon I'analyse 6l6mentaire: Fe: 34%, P: 18.8%, LI: 4.4%, 0: 3.2%. 
45 Une analyse par rayons X a confirm^ I'existence de la triphyllite LiFeP04 pure comme seul compost cristallin. Le 
materiau d'6lectrode a 6t6 teste pour sa capacity dans une cellule similaire k celle de I'exemple 1 avec un electrolyte 
d'oxyde de polyethylene, et ensuite recharge. Les voltages ont 6te cholsis entre 2.8 et 3.7 volts. La capacite exp6n- 
mentale durant le premier cycle a ete de 1 35 mAgh-^ , ce qui correspond k 11% de la valeur theorique. qui augmente 
k 156 mAgh-"" (89%) lorsque la definition du pic s'est am61loree apres plusieurs cyclages. 80% de cette capacite est 
50 accessible dans le domalne de potentiel 3.3 - 3.6 volts vs. Li+: Li®. 

Exemple 11 

[0075] Le compose LIGoq 75Mno 25PO4 a 6t6 pr6par6 en broyant intimement I'oxalate de cobalt dihydrate. I'oxalate 
55 de manganese dihydrate et'le phosphate d'ammonlum dihydrogene en Injectant de Fair k 850'»G pendant 10 heures. 
La poudre mauve resultante est meiangee dans un meiangeur k billes planetaire comprenant des billes de carbure de 
tungstens jusqu'^ obtention de particules de I'ordre de 4 ^m. 10 g de ce phosphate complexe sont tritures dans un 
mortier avec 1 0 mL d'une solution 6% du polymere de p6ryiene de I'exemple 5 dans ie f ormiate de methy le. Le solvant 
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s'est 6vapor6 rapldement. La poudre r6sultante a 6t6 trait^e sous un courant tfargon sec d^pourvu d'oxygfene dans 
un four tubulaire h 740*C pendant 3 heures. resultant en une poudre noire. L'activit6 61ectrochimique de la cellule a 
et6 testae dans une pile lithium-ion similaire k celle de I'exemple 6. L'6lectrolyte 6tait, dans ce cas. le bis-fluorom6tha- 
nesulfonimlde de lithium (LilFSOgkN) dissout k une concentration de 1 M dans le dimdthylamino-trifluoromhyl sulfa- 
5 mate CF3CH20S02N(CH3)2, qui est un solvant resistant k I'oxydation. Lorsque charg6e initiaiement. la cellule a montr6 
une capacity de 145 mAgh-^ dans la fenetre de voltage 4.2 - 4.95 V vs. Li+:Lio. La batterie a pu 6tre cyci6e pendant 
50 cycles de profondes charges/d6charges avec moins de 10% de perte de capacity, montrant ainsi la resistance de 
rSlectrolyte aux hauts potentlels. 



10 Exemple 12 

[0076] Le compos6 Li2MnSi04 a 6t6 pr6par6 par la calcination du gel resultant de Taction d'un m6Iange stoichiom6- 
trlque d'ac6tate de lithium dihydrat6. d'ac6tate de manganese t6trahydrat6 et de t6tra6thoxysilane dans un melange 
6thanol/eau 80:20. Le gel a 6t6 s6ch6 dans un four k 80*0 pendant 48 heures, r6duit en poudre et calcin6 k I'air k 

IS 800^*0. 3.28 g du silicate resultant et 12.62 g du phosphate de lithium et fer de I'exemple 3 sont m6lang6s dans un 
m6langeur k billes plan6taire similaire k celui de I'exemple 11 , et la poudre a 6t6 trait6e sous un courant d'argon sec 
d6poun/u d'oxyg6ne dans un four tubulaire k 740°C pendant 6 heures. L'oxyde complexe obtenu aprds refroidissement 
poss^de la formule Lii JF^o b^^o 2^0 8S»o.204- ^ Poudre a 6te humidifi6e avec 3 mL d'une solution 2% d'ac6tate de 
cobalt, et s6ch6e. Cette poudre a 6te trait6e dans le m§me four tubulaire k SOO'C sous un courant de 1 mL/s d'un gaz 

20 comprenant 10% de monoxyde de carbone dans de I'azote pendant 2 heures. Aprfes refroidissement, la poudre noire 
r6sultante a et6 testae pour son activity electrochimique dans des conditions simllaires k celles de I'exemple 1. Avec 
un Electrolyte d'oxyde de polyethylene k 80*C. la capacity mesur6e, k partir d'une courbe cyclique de voltamogramme 
k 185 mAgh-1 (88% de la th6orie) entre les voltages de 2.8 et 3.9 volts vs. Li+:Li«». Le mat6riau non recouvert teste 
dans des conditions similaires possede une capaclte sp6cifique de 105 mAgh-V 

25 

Exemple 13 

[0077] Sous argon, 3 g de phosphate de lithium et fer de I'exemple 3 sont suspendus dans 50 mL d'acetonitrile, 
auquel on ajoute 0.5 g d'hexachlorocyclopentadiene et 10 mg de t6trakls-(trlphenylphosphine) nickel(O). Sous une 

30 agitation vigoureuse. 1.4 mL de t6trakis{dimethylamino)ethyl6ne sont ajoutes goutte k goutte k la temperature am- 
biante. La solution a vire au bleu, et apres I'ajout d'agent reducteur suppiementaire. au noir. La reaction est Ialss6e 
sous agitation pendant 24 heures aprfes la fin de I'addition. Le precipite noir resultant est filtr6. lave avec de I'ethanol 
et seche sous vide. La recuisson du depot de carbone a 6te realisee k 400*C sous un courant de gaz depourvu 
d'oxygene pendant 3 heures. La poudre noire r6sultante a ete testee pour son activite electrochimique dans les con- 

35 ditions similaires k celles de I'exemple 1 . La capacite mesur6e entre les voltages de 2.9 et 3.7 volts vs. Lr*:Li« est de 
160 mAgh-i (91% de latheorie). Le materlau non recouvert possfede une capacite specifique de 112 mAgh'^ dans les 
mSmes conditions exp6rimenta!es. 

Exemple 14 

40 

[0078] Les composes de spinelle Lig gMgosTiAO, 2 ont et6 prepares par la technique sol-gel en utilisant le tetra(iso- 
propoxyde) de titane (28.42 g), I'ac6tate de lithium dihydrate (35.7 g) et I'acetate de magnesium tetrahydrate (10.7 g) 
dans 300 mL d'un melange isopropanol-eau 80:20. Le gel blanc resultant a 6te s6che dans un four k 80*C et calcine 
k eocc k I'air pendant 3 heures, ensuite sous argon comprenant 10% d'hydrogfene, k 850'C pendant 5 heures. 10 g 
45 de la poudre bleue resultante sont melanges dans 12 mL d'un solution 13% en poids d'acetate de cellulose dans 
I'acetone. La pSte a 6te sech6e et le po!ym6re carbonise dans les conditions de I'exemple 4 sous atmosphere inerte 
&700*C. 

[0079] L'eiectrode positive d'une supercapacite electrochimique a ete construite de la fagon suivante: 5 g de LiFeP04 
recouvert de carbone selon I'exemple 3. 5 g de Norit® (charbon active) 4 g de poudre de graphite (diamfetre de 2 ^im) 

so 3 g de fibres d'aluminium coupees (20 \im de long et 5 mm de diametre). 9 g de poudre d'anthracfene (10 ^im) comme 
agent formateur de pores et 6 g de polyacrylonitrile sont melanges dans la dimethylformamide dans lequel le poIym6re 
se dissout. La pSte a ete homogeneis6e et enduite sur un feuillard d'aluminium (25 ^m) et le solvant evapore. Le 
revetement est ensuite chauff e lentement jusqu'^ 380*»C sous atmosphere d*azote. L'anthracene s'evapore pour laisser 
place k une porosite homogene dans le materiau, et Tacrylonitrile se convert! gr§ce k la cyclisation thermique en un 

ss polym6re conducteur comprenant des cycles pyridine f usionnes, L'epaisseur de la couche resultante est 75 jim. 

[0080] Un revetement similair est realise pour une electrode negative avec une p§te dans laquelle LiFeP04 est 
remplace par le revetement de spinelle prepare pr6cedemment. La supercapacite est obtenue en plagant face k face 
deux electrodes preparees s6par6es par un separateur de polypropyien de 10 ^im d'epais trempe dans un melange 
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1 M de LiTFSI dans une composition ac6tonitrlle/dim6thoxy6thane 50:50. Ce systfeme peut §tre charg6 k 30 mAcm-2 
et 2.5 V, et produit un pouvoir sp6cifique de 3kW/L-i & 1.8 V. 

Exempie 1 5 

[0081] un systfeme de modulation de la lumi^re (fen^tre electrochrome) a et6 construit de la facon suivante. 
0082 Le LiFeP04 de Pexemple 3 est m6lang6 dans un m6langeur ^ billes de haute 6nerg,e jusqu ^ obten lon de 
oMs 6e ^S2 environ. 2 g de cette poudre sont m6lang6s avec 1 mL tfune solution a 2% en po.ds du polym^re 
SfiXe copo« I'exemple 5 dans le formlate de m6thyle. La pSte est trrtur^e pour s'assurer d'une 

JstSn unSeTu po^m^re & la surface des particules, et le soK^ant est ensuite 6vapor6. La poudre sfeche 
SnuTestiaitrsousunLr^ 

CO Sm6 h?i^ne)propane-1 ,3-diyl pr6par6e selon J. E^^^ 
S£tCned?nTcSdsmol6^ 

phlin£eu?Z 10 mL d'ac^onitrile. La solution a 6X6 enduite en utilisant un proc6d6 "doctor blade sur un verre 
Su d 'un oxyde tfindium-6tain (20S-1O) jusqu'^ une 6paisseur de 8 ^m. Apr6s Evaporation du soK/ant. le polym6re 
a et6 polym6ris6 avec une lampe UV k 254 nm (200 mWcm-2) pendant 3 minutes. 
[0084^ DU trioxyde de tungst^ne a eX6 d6pos6 par Evaporation thermique sur un autre verre 
20 S^um-itain (ITO) jusqu'^ une Epaisseur de 340 nm. Ce systeme a et6 obtenu en ^eposan^^une couche d 6^sctrol^^^ 
d'o^dede polyithyl6ne (120 Mm) avec LiTFSI selon une proportion d'oxyg^ne (du polymfereysel de 12. pr6c6demment 
S si un feZrd dl polyT^yl^ne et appliquE sur une Electrode recouverte de WO, en utihsant la technolog.e 
de transL adJ Esif . Les deux Elecirodes de verre ont 6t6 pressEes ensemble pour former la chaine Electroch.mique. 
verre/IT0/W0VPE0-LiTFSI/LiFeP04 Electrode composite/ITO/Verre . , , r,^ a. 

2S roossr ce systfeme vire au bleu en 30 secondes sur application d'un voltage (1 .5 V. le c6tE L,FeP04 6 an I'anode) 
SSchfen^o tege inverse. La transmission de tumiEre est modulEe de 85% (Etat blanchi) k 20% (Etat colorE). 
SoSrer^Sl prEsente invention ait EtE dEcrite k faide de mises en oeuvre spEcifiques .1 e"t^^^^^^^^^^^ 
S^us^urs vari^ions eLodifications peuvent se greffer aux dites mises en oeuvre. e la prEsente ^^"^-"^^^^^ 
couvrir de telles modifications, usages ou adaptations de la prEsente rivention suwant. en ^^^^^'^l^^'^^^^^^ 
30 Jinvention et Incluant toute variation de la prEsente description qui deviendra connue °" f "7*'°""°' ^^ '^^^^^ 
d' actiVitE dans lequel se retrouve la prEsente invention, et qui peut s'appliquer aux ElEments essentiels mentionnEs 
ci-haut, en accord avec la portEe des revendications suivantes. 
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3S Revendications 

1 . IVIatEriau d'Electrode comprenant un oxyde complexe correspondant k la fomiule gEnErale A.M„Z,0„N„F, dans 
laquelle: 

40 Acomorend un mEtal alcalin; , ,j . .ui 

M comprend au moins un m^tal de transition, el optlonneilement un m6tal autre qu'un m6tal de transition, ou 

leurs melanges; 

Z comprend au moins un non-m§tal; 

O est roxvaSne; N I'azote et F le fluor; et , . , . 

les coefficients a. m, z. o. n. f > 0 Etantchoisis de manlEre k assurer I'ElectroneutralltE. caractEnsE en ce qu un 
dEp6t de matEriau carbonE conducteur est dEposE k la surface du matEriau d-une mani&re homogEne de 
facon k obtenir une distribution substantieilement rEguliEre du champ Electrique k ia surface des grains du 
matEriau. 



45 



50 



55. 



2. MatEriau selon la revendication 1 caractErisE en ce que le dEp6t de matEriau carbonE est obtenu par pyrolyse 
d'une matlEre organique. 

3. MatEriau selon la revendication 1 caractErisE en ce que le mEtal de transition comprend le ter. ^ mangan^^ 
vanadium, le titane. le molybdEne. le niobium, le zinc et le tungstEne. seuls ou en mElanges. le m^tal a"t^ q" 
mEtal de transition comprend le magnEsium ou Taluminium. et le non-mEtal comprend le soufre. le sElEnium. le 
phosphore. I'arsenic, I silidum. I germanium, le bore et I'Etain. seuls ou en mElanges. 

4. MatEriau selon la revendication 3 caractErisE en ce que le mEtal de transition comprend le fer. le manganEse. le 
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vanadium. le titane, le molybddne. le niobium et le tungstdne aux 6tats d'oxydation suivants: Fe2+. Mrv^\ 
Ti2+ Ti3*. Mo3+. Mo4+. Nb^*. Nb^. W**. 

5. Mat6riau selon la revendication 1 dans lequel le pr6curseur du mat^riau carbon6 comprend les hydrocarbures et 
5 leurs d6rlv6s, le p6fyI6ne et ses d6riv6s, les composes polyhydriques et leurs d6riv6s, un po(ym6re ou melange 

de polymdres, et leurs melanges. 

6. Mat6riau selon la revendication 5 caract6ris6 en ce que le pr^curseur comprend un polym&re. 

10 7. Mat^riau selon la revendication 6 caract6ris6 en ce que le polym^re comprend les polyol6fines, les polybutadifenes. 
I'alcool polyvinylique, les produits de condensation des phenols, les polym6res d6riv6s de raicool furfurylique. les 
polymdres d6riv6s du styr6ne, du dlvinylbenz6ne. de racrylonitrile, de I'ac^tate de vinyle. !a cellulose, I'amldon et 
ses esters, et leurs melanges. 

IS a Proc6d6 de d6p6t d'un mat^riau carbon^ tel que ddfini k la revendication 6 sur un mat6riau d'6lectrode, caract6ris6 
en ce que le polym6re ou le melange de polymeres est disperse avec I'oxyde complexe suivi d'une pyrolyse sous 
vide ou sous atmosphere d'un gaz non r6actif. 

9. Proc6d6 de d6p6t d'un mat6riau carbon6 tel que d6finl k la revendication 7 caract6ris6 en ce qu'un monomdre ou 
20 melange de monomferes est additionn^ k I'oxyde complexe suivi d'une polymerisation, et d'une pyrolyse effectu6e 

sous vide ou sous atmosphere d'un gaz non r^actif. 

1 0. Proc6d6 de d6p6t d'un materiau carbon6 def ini selon la revendication 1 caract6ris6 en ce que la source de carbone 
est le monoxyde de carbone seul ou en melange avec un gaz inerte. et que le d6p6t est obtenu par l'6quilibre de 

2S dismutation 2 CO => C + COg k une temperature Inf^rieure k 900'C optlonnellement en presence d'un catalyseur. 

11. Proc6de de preparation d'un materiau selon la revendication 1 caract6rise en ce que le depot est fait par pyrolyse 
k partir d'un derive organique d'un m6tal alcalin A apportant la fraction a-a' du metal alcalin k partir de I'oxyde 
complexe Aa-M^zPoNn^f Ce maniere k laisser par pyrolyse un d6p6t carbone k la surface de I'oxyde complexe 

30 dont la composition devient A^fA^ZJOJ^n^f^ tel que a-a' > 0. 

1 2. Materiau selon la revendication 1 caracterise en ce que la teneur massique finale en materiau carbone est comprise 
entreO.1 et55%. 

35 13. Materiau selon la revendication 1 caracterise en ce que I'oxyde complexe comprend les sulfates, phosphates. 

silicates, oxysulfates, oxyphosphates, et oxysilicates. ou leurs melanges, d'un metal de transition et de lithium, et 
leurs melanges. 

14. Materiau selon la revendication 1 caracterise en ce que I'oxyde complexe est de formule Lii+xMPi-xSix04 
40 l-ii+x-yMPi.xS'x04.yFy dans laquelle 0 S x. y S 1 et M comprend Fe or Mn. 

15. Materiau selon la revendication 1 caracterise en ce que I'oxyde complexe est de formule U3.x+zM2(Pi.x.zSx®'z04)3 
dans laquelle M comprend Fe ou Mn, 0 ^ x , et z ^ 1 . 

4S 16. Materiau selon la revendication 1 caracterise en ce que I'oxyde complexe est de formule Li3+u.x+zV2.z.„FeuTI^ 
(Pi.x.2SxSiz04)3 ou Li4+ JigOia. Li4+x-2yMgy"n50i2. cians laquelle 0 ^ x; w ^ 2; y ^ 1 and z ^ 1 . 

17. Cellule eiectrochimique caracterisee en ce qu'au moins une electrode comprend au moins un materiau selon la 
revendication 1. 

so 

18. Cellule eiectrochimique selon la revendication 17 caracterisee en ce qu'elle fonctionne comme batterie primaire 
ou secondalre, super capacite ou systeme de modulation de la lumiere. 

1 9. Cellule selon la revendication 1 8 fonctionnant comme une batterie primaire ou secondalre, caract6ris6e en ce que 
55 reiectrolyte est un polym6re. solvatant ou non, optlonnellement plastifie ou geilfie par un liquide polaire contenant 

en solution un ou plusieurs sels metalliques. 

20. Cellule selon la revendication 18 fonctionnant comme une batterie primaire ou secondaire. caracterisee en ce que 
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relectrolyte est un liquide poiaire immobilise dans un s6parateur microporeux. 
21. Cellule selon la revendication 19 dans laquelle un des sels metalliques est un sel de lithium. 
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(54) Electrode materials of high surface conductivity 
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capacitors and supercapacitor-type light modulation systems. 
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Description 

FIELD OF THE INVENTION 

[0001] The present invention relates to electrode materials capable of redox reaction 
by alkali metal ion and electron exchange with an electrolyte. The materials are used in 
the domain of primary and secondary electrochemical generators (batteries), super- 
capacitors and electrochromic light modulation systems. 

PRIOR ART 

[0002] Insertion compounds (hereafter called also electroactive materials or redox 
materials) whose function is based on the exchange of alkali metal ions, particularly 
lithium ions, and of valence electrons of at least one transition element so as to ensure 
neutrality in the solid matrix, are known in the art. Partial or total maintenance of the 
structural integrity of the material permits reversibility of the reaction. The redox 
reactions resulting from the formation of several phases are usually not reversible, or 
reversible only to a very slight extent. It is also possible to carry out reactions in the 
solid phase by bringing into play the reversible splitting of sulfur-sulfur bonds or the 
redox reactions occurring during the conversion of aromatic organic structures into 
quinone-type forms, particularly In conjugated polymers. 

[0003] The insertion materials are the active ingredients of the electrochemical reactions 
used particularly in electrochemical generators, supercapacitors or light transmission 
modulation systems (electroforms). 
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[0004] Progress of the ion -electron exchange reactions requires the simultaneous 
existence, within the insertion material, of a double conductivity by the electrons and 
ions, particularly lithium ions, one or the other of these conductivity types possibly being 
too weak to ensure the exchange kinetics required for use of the material, especially for 
electrochemical generators or supercapacitors. One solution of this problem is 
achieved, in part, by the use of so-called "composite" electrodes wherein the electrode 
material is dispersed in a matrix containing the electrolyte and a polymer binder. In the 
case where the electrode is a polymeric electrolyte or a gel functioning in the absence of 
solvent, the role of mechanical binder is ensured directly by the macromolecule. The 
term "gel" is understood to mean a polymeric matrix, itself solvating or nonsolvating, 
retaining a polar liquid and a salt so as to impart to the assembly the mechanical 
properties of a solid while retaining at least part of the conductivity of the polar solvent. 
A liquid electrolyte and the electrode material can also be kept in contact by a small 
fraction of an inert polymeric binder, i.e. one not interacting with the solvent. By any one 
of the aforementioned means, each grain of electrode material is thus surrounded by 
electrolyte capable of bringing the ions in direct contact with almost the entire electrode 
material surface. To facilitate the electronic exchanges, it is usual, according to the prior 
art, to add particles of a conductive material to one of the aforementioned mixtures of 
electrode material and of the electrolyte. These particles are in a highly divided state. 
In general, the choice falls on carbonaceous materials, and quite particularly on carbon 
blacks (Shawinigan or Ketjenblack^"^). However, the volume fractions used are small 
because this type of material greatly modifies the rheology of the suspensions, 
especially of the polymers, which results in excessive porosity and loss of effectiveness 
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of the operation of the composite electrode in terms of both the fraction of usable 
capacity and of kinetics, i.e., available power. At small quantities used, the carbon 
grains structure themselves into chains, and the points of contact with the electrode 
material proper are extremely reduced. The consequence of this configuration is a bad 
distribution of the electrical potential within the electroactive material. In particular, 
excess concentrations or impoverishments may appear at the points of triple junction: 

electroactine material I electrolyte 

/\ 

electronic 
conductive additive 

[0005] These excessive variations of the local concentration of mobile ions and the gradients 
resulting in the interior of the electroactive material are very injurious to the reversibility of 
operation of the electrode at a large number of cycles. These chemical or mechanical 
constraints, or stress, are reflected on the microscopic level by disintegration of the grains of the 
electroactive material, part of which is capable of losing contact with the carbon grains and in 
this way becoming electrochemically inactive. The structure of the material may also be 
destroyed, with the appearance of new phases and possible salting out of the derivatives or 
other transition metal fragments in the electrolyte. These harmful phenomena appear all the 
more readily as the current density or power demanded of the electrode is greater. 
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IN THE DRAWINGS: 

[0006] Figure 1 illustrates the differences between a conventional prior-art electrode (A) and an 
electrode according to the invention, whose particles of electroactive material are covered by a 
carbonaceous coating (B). 

[0007] Figures 2 and 3 show a comparison between an LiFeP04 sample covered with carbon 
and a control sample of LiFeP04 without carbon. These results were obtained by cyclic 
voltammetry of LiFeP04 / POE2oLiTFSI /Li batteries cycled at 20 mV.h'^ between 3 and 3.7 volts 
at 80°C. The first cycle is plotted in Figure 2 and the fifth cycle in Figure 3. 

[0008] Figure 4 illustrates the variation of capacity in the course of cycling of batteries made of 
carbonaceous LiFeP04, on the one hand, and a non-carbonaceous control, on the other hand. 

[0009] Figure 5 illustrates the performances of a battery containing carbonaceous LiFeP04 
cycled in the intentiostatic mode between 3 and 3.8 volts at 80°C with a charging/discharging 
rate corresponding to C/1 . 

[001 0] Figure 6 illustrates the variation of current as a function of time of an LiFeP04 / Y- 
butyrolactone LiTFSI / Li battery containing a carbonaceous sample and cycled at 20 mV.h'^ 
between 3 and 3.7 volts at room temperature. 

[001 1] Figure 7 illustrates the variation of current as a function of time of a LiFeP04/ POE20 
LiTFSI / Li battery containing a carbonaceous sample. 
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[0012] Figures 8 and 9 show a comparison between LiFeP04 samples covered witli carbon 
and a control LiFeP04 sample before treatment. These results were obtained by cyclic 
voltammetry of LiFeP04 / POEaoLiTFSI / Li batteries cycled at 20 mC.h"'' between 3 and 3.7 
volts at SO^^C. The first cycle is shown in Fig. 8 and the fifth in Fig. 9. 

[0013] Figure 1 0 shows the variation of capacity during cycling of batteries constructed with the 
carbonaceous LiFeP04 samples on the one hand and the noncarbonaceous control, on the 
other hand. 

SUMMARY OF THE INVENTION 

[0014]The present invention relates to an electrode material comprising a complex oxide 
corresponding to the general formula AaMmZzOoNnFf, wherein 
A comprises an alkali metal, 

M comprises at least one transition metal and optionally a metal other than a transition 

metal such as magnesium or aluminum or their mixtures, 
Z is at least one nonmetal. 
O is oxygen, N is nitrogen, and F is fluorine, and 

the coefficients a, m, z, o, n and f > 0 are so chosen as to assure eiectroneutrality, 
characterized in that a quantity of carbonaceous material is deposited on the surface of 
the material in a homogeneous manner in such a way as to obtain a substantially 
regular electric field distribution on the surface of the material grains. The similarity of 
the ionic radii of oxygen, fluorine and nitrogen permits mutual replacement of these 
elements as long as the eiectroneutrality is maintained. For purposes of simplification, 
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and considering that oxygen is used most frequently, these materials shall be called 
complex oxides. The preferred transition metals comprise iron, manganese, vanadium, 
titanium, molybdenum, niobium, zinc and tungsten, either alone or in a mixture. The 
preferred metals other than a transition metal comprise magnesium and aluminum, and 
the preferred nonmetals are copper, selenium, phosphorus, arsenic, silicon, 
germanium, boron and tin, used alone or in a mixture. 

[0015] In a preferred embodiment, the final content of carbonaceous material is between 
0.1 and 55% by mass, more preferably between 0.2 and 15%. 

[0016] In another preferred embodiment, the complex oxide comprises the sulfates, 
phosphates, silicates, oxysulfates, oxyphosphtes and oxysilicates, or their mixtures, of a 
transition metal and of lithium, and mixtures thereof. It may be of interest for reasons of 
structural stability to partially substitute the transition metal by an element of the same 
ionic radius but inactive from the redox point of view, for example, magnesium and 
aluminum in preferred proportions of 1 to 25%. 

[0017] The invention also relates to an electrochemical cell wherein at least one electrode 
is fabricated from an electrode material according to the invention. The cell may operate as 
a primary or secondary battery, supercapacitor or light modulation system, the primary or 
secondary battery being the preferred modus operandi. 
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DETAILED DESCRIPTION OF THE INVENTION 

[0018] The present invention makes it possible to prepare electrode materials of extremely 
varied composition which are characterized by being coated on the surface or over the major 
part of the surface by a uniform coating of conductive carbonaceous material deposited by 
chemical means. The presence of a uniform coating in the electrode materials of the 
invention as compared with the prior-art punctiform contact obtained with carbon powders or 
other conductive additives permits a regular distribution of the electric field on the surface of 
grains of the electroactive material. Moreover, the concentration gradients of the ions are 
considerably reduced. This better distribution of the electrochemical reaction on the surface 
of the particles makes it possible, on the one hand, to preserve the structural integrity of the 
material, while, on the other hand, it improves the kinetics in terms of current density and 
power available to the electrode, thanks to the greater surface area offered. 

[0019] Understood by the term "carbonaceous material" is a solid polymer containing a 
preponderance of carbon (from 50 to 1 00 mol%) and having an electronic conductivity 
greater than 10'^Scm'^ at room temperature, and preferably greater than 10*^ Scm'\ 
The other elements present may be hydrogen, oxygen, nitrogen, as long as they do not 
interfere with the chemical inertness intrinsic to carbon during the electrochemical 
procedures. The carbonaceous material may be obtained by thermal decomposition or 
dehydrogenation, e.g. partial oxidation, of various organic compounds. In general, any 
material which, thanks to a reaction or sequence of reactions, leads to a solid carbonaceous 
material having the desirable properties without affecting the stability of the complex oxide, 
represents an acceptable precursor. Acceptable precursors comprise, without limitation, the 
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hydrocarbons and their derivatives, particularly the aromatic polycyclic species such as tar or 
pitch, perylene and its derivatives, polyhydric compounds such as sugars and carbo- 
hydrates, their derivatives, and polymers. Preferred polymer examples include the 
polyolefins, polybutadienes, polyvinyl alcohol, phenol condensation products including those 
obtained by reaction with aldehydes, polymers derived from furfuryl alcohol, polymers 
derived from styrene, from divinyl benzene, from naphthalene, from perylene, from 
acrylonitrile and from vinyl acetate; cellulose, starch and their esters and ethers, as well as 
their mixtures. 

[0020] The improvement of conductivity of the surface of the grains obtained by coating 
them with carbonaceous material according to the present invention permits satisfactory 
functioning of electrodes containing electroactive materials whose electronic conductivity is 
insufficient to obtain acceptable performances. Complex oxides having redox couples 
situated in the useful voltage intervals and/or comprising inexpensive and nontoxic elements 
but whose conductivity is too low for practical uses become useful as electrode materials 
when the conductive coating is present. The choice of structures or mixtures of phases 
having redox properties but whose electronic conductivity is too low is much broader than 
that of the prior-art compounds of the type of mixed oxides of transition metals and lithium. 
In particular, it is possible to include in the redox structures one or more elements selected 
from among the nonmetals (metalloids) such as sulfur, selenium, phosphorus, arsenic, 
silicon or germanium, whose greater electronegativity makes it possible to modulate the 
redox potential of transition elements, but at the expense of electronic conductivity. A similar 
effect is obtained by partial or total substitution of the oxygen atoms by fluorine or nitrogen. 
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[0021] The electrode or redox materials are thus described by the general formula 
AaMmZzOoNnFf wherein 

A is an alkali metal such as Li, Na or K; 

M represents at least one transition metal, and optionally a metal other than a 

transition metal, such as magnesium or aluminum; 
Z represents at least one nonmetal such as S, Se, P, As, Si, Ge; 
O is oxygen; 

N is nitrogen and F is fluorine, the latter elements often being able to substitute 
oxygen in the complex oxide due to the similar ionic radii of F, O^" and N^" ions; and 
each of coefficients a, m, z, o, n and f are independently > 0 so as to assure the 
electroneutrality of the material. 

[0022] The preferred oxides according to the present invention comprise those of formulas 
Lii+xMPi-xSix04, Lii+x-yMPi.xSix04-yFy; Li3-x+2M2(Pi.x-zSxSiz04)3; Li3+u-x+zV2-z-wFeuTiw 
(Pi-x-zSxSiz04)3 or Li4+xTi50i2. Li4+x+2yMgyTi50i2, wherein w < 2; 0<x; y<1; z<1and 
M comprises Fe or Mn. 

[0023] The carbon-containing coating may be deposited by different techniques, which form 
an integral part of the invention. A preferred method consists in pyrolyzing an organic 
material, preferably one that is rich in carbon, in the presence of the redox material. 
Particularly advantageous are the mesomolecules and polymers capable of readily forming 
- either mechanically or by impregnation from a solution or by polymerization in situ - a 
unifomri layer on the surface of the grains of the redox material. Pyrolysis or dehydrogenation 
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of the assembly makes it possible to obtain a fine and unifomn layer of carbonaceous 
material on the surface of the grains of redox material. In order that the latter's composition 
remain unaffected by the pyrolysis or dehydrogenation reaction, It is prudent to choose 
compositions in which the pressure of oxygen liberated by the material is sufficiently low to 
avoid oxidation of the carbon formed by the pyrolysis. The activity of the oxygen of 
compounds AaMmZzOoNnFf may be controlled by the alkali metal content which itself 
determines the oxidation state of the transition element(s) contained in the material, and 
which forms an integral part of the invention. Of particular interest are the compositions 
wherein the coefficient "a" of the alkali metal content makes it possible to maintain the 
following oxidation states: fe^^ Mn^* , \J^\ y^, T^, Uo^\ Uo'\ Hb^, Nb**. W**. 
In general, oxygen pressures of the order of 10'^° bars at 0°C and of 10"^° bars at 900°C are 
sufficiently low to permit the deposition of carbon by pyrolysis, the kinetics of carbon 
formation in the presence of hydrocarbon residues due to the pyrolysis being faster and less 
strongly activated than the formation of oxygen from the redox material. It is also possible 
and advantageous to choose materials whose pressure of oxygen in equilibrium with the 
material is less than that of the equilibrium 

C + O2 o CO2 

[0024] In this case, the carbonaceous material may be thermodynamically stable vis-a-vis 

the complex oxide. The corresponding pressures are obtained by the following formula: 

1 n P(02) = 1 n P(C02) = 94050 

R(273,2+ 9) 

wherein R is the perfect gas constant (1.987 cal.mole'^ , K"^), and 9 is the temperature in °C. 
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[0025] The following table lists the oxygen pressure values for some temperatures: 



[0026] It is also possible to effect the carbon deposition by dismutation of carbon monoxide 
at temperatures below 800°C according to the equation: 

2 CO C + CO2 

[0027] This reaction is exothermic but slow. The complex oxide particles may be placed in 
contact with the pure carbon monoxide or diluted by an inert gas at temperatures between 
100 and ZSC'C, preferably between 300 and SSO'^C. The reaction is advantageously carried 
out by the fluidized bed technique, so as to have a large exchange surface between the gas 
phase and the solid phase. The elements and cations of the transition metals present in the 
complex oxide are catalysts of the dismutation reaction. It may be of interest to add small 
amounts of salts of transition metals, preferably of iron, nickel, cobalt, to the surface of the 
grains, the salts of these elements being particularly active as catalysts of the dismutation 
reaction. One can also resort to the gas-phase decomposition of hydrocarbons such as the 
alkanes, or preferably those rich in carbon, such as alkenes, alkynes or aromatic 
hydrocarbons. 
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[0028] In one variant, the deposition of carbonaceous material can be effected 
simultaneously with variation of the alkali metal composition A. To do this, a salt of an 
organic acid or polyacid is mixed with the complex oxide. Another possibility consists 
in starting from a monomer or a mixture of monomers which are polymerized in situ. 
By pyrolysis, the compound deposits a film of carbonaceous material on the surface, and 
the alkali metal A is incorporated according to the equation 

Aa-MmZzOoNnFf + Aa-a'CcOoR' ^ AaMmZzOoNpFf 

[0029] R' being any organic radical, possibly forming part of a polymeric lattice. 

[0030] Among the compounds capable of permitting this reaction, mention may be made in 
a non-limitative manner of the salts of carboxylic acids such as the salts of oxalic, malonic, 
succinic, citric, polyacrylic, polymethacrylic, benzoic, phthalic, propiolic, acetylenedi- 
carboxylic, naphthalene di- or tetracarboxylic, perylenetetracarboxylic and diphenic acids. 

[0031] It is obvious that the pyrolysis of an organic material which does not contain an alkali 
metal element, and the addition of the latter through a salt, may be combined in order to 
arrive at the desired stoichiometry of the complex oxide. 

[0032] It is also possible to obtain a deposit of carbonaceous material, especially at low or 
moderate temperatures below 400°C by reduction of carbon-halogen bonds according to the 
equation 

CY-CY + 2e-> -C=C- + 2Y* 
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where Y represents a halogen or pseudohalogen. Understood by the term "pseudohalogen" 
is an organic or inorganic radical capable of existing in the form of a V ion and of forming the 
corresponding protonated compound HY. Among the halogens and pseudohalogens, 
mention may be made in a nonlimitative manner of F, CI, Br, I, CN, SCN, CNO, OH, N3, 
RCO2, RSO3 where R represents H or an organic radical. The formation by reduction of the 
CY bond is preferably carried out in the presence of reducing elements, e.g. hydrogen, zinc, 
magnesium and the Ti^*, Ti^"", Sm^"", Cr^^, V^*ions, the tetrakis(dlalkylaminoethylenes) or 
phosphines. These reagents may possibly be obtained or regenerated by an electro- 
chemical method. Furthermore, it may be advantageous to use catalysts which increase the 
reduction kinetics. Particularly effective are palladium or nickel derivatives, especially in the 
form of complexes with phosphines, or nitrogen-containing compounds such as 2,2'- 
bipyridine. Similarly, these compounds can be generated in the active form by a chemical 
method in the presence of reducing agents, particularly those mentioned above, or by an 
electrochemical method. Among the compounds capable of generating carbon by reduction, 
mention may be made of the perhalocarbons, particularly in the form of polymers, 
hexachlorobutadiene, hexachlorocyclopentadiene. 

[0033] Another way of liberating carbon by a low-temperature process consists in 
eliminating the hydrogenated compound HY, Y being as defined above, according to the 
equation 

-CH-CY- + B-> -C=C-+ BHY 
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[0034] Among the compounds capable of generating carbon by reduction, mention may be 
made of organic compounds containing an equivalent number of hydrogen atoms and Y 
groups, compounds such as the hydrohalocarbons, particularly in the form of polymers, such 
as vinylidene polyfluoride, polychloride or polybromide or polyacetate, and carbohydrates. 
The dehydro(pseudo)halogenation may be achieved at low temperature, including room 
temperature, by the action of a base capable of reacting with compound HY to form a salt. 
In this respect, mention may be made of tertiary bases, amines, amidines, guanidines, 
imidazoles, inorganic bases such as alkali metal hydroxides, organometallic compounds 
behaving as strong bases, such as A(N(Si(CH3)3)2, LiN[CH(CH3)2]2 or butyl lithium. 

[0035] In the last two methods mentioned above, it may be advantageous to anneal the 
materials after the deposit of carbon. This treatment permits an improvement of the 
structure or crystallinity of the carbon. The treatment may be carried out at a temperature of 
between 100 and 1000°C, preferably between 100 and 700°C, which makes it possible to 
avoid any reduction of the complex oxide by the carbonaceous material. 

[0036] In a general way, it is possible to obtain uniform coatings of carbonaceous material, 
ensuring adequate electronic conductivity, i.e. of at least of the same order as the ionic 
conductivity in the oxide grain. Thick coatings make it possible to obtain a conductivity that 
is sufficient to ensure that the binary mixture of the complex oxide grains coated with 
carbonaceous material, with the liquid or polymeric electrolyte or inert macromolecular 
binder designed to be impregnated by electrolyte, be conductive by simple contact between 
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the particles. In general, this behavior may be observed at volume fractions of between 10 
and 70%. 

[0037] It may also be advantageous to choose deposits of carbonaceous material that 
is sufficiently fine so as not to obstruct the passage of ions, while ensuring the 
distribution of the electrochemical potential on the grain surface. In this case the binary 
mixtures possibly do not have an electronic conductivity that is sufficient to ensure the 
electronic exchanges with the electrode support (current collector). Addition of a third 
electronically conductive component in fine powder or fiber form makes it possible to 
obtain a satisfactory macroscopic conductivity and improves the electronic exchanges 
with the electrode support. Carbon blacks or carbon fibers are particularly advantageous 
for this function, and give satisfactory results at volumetric amounts which affect only 
slightly or not at all the rheology during the use of the electrode, due to the existence of 
an electronic conductivity on the surface of the grains of electrode material. Volume 
fractions of 0.5 to 10% are particularly preferred. Carbon blacks of the Shawinigan® or 
Ketjenblack® type are preferred. Among carbon fibers, those obtained by pyrolysis of 
polymers such as pitch, tar, polyarylonitrile, as well as those obtained by hydrocarbon 
cracking are preferred. 

[0038] it is of interest, because of its lightness and malleability, to use aluminum as a 
constituent of current collectors. However, this metal is covered with an insulating oxide 
layer. This layer, which protects the metal against corrosion, can under certain conditions 
increase in thickness, which causes increased interface resistance that is harmful to the 
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good functioning of the electrocliemical cell. This phenomenon may be particularly 
disturbing and rapid in the case where the electronic conductivity would, as in the prior art, 
be assured solely by carbon grains having a limited number of contact points. The use, in 
conjunction with aluminum, of electrode materials covered by a layer of carbonaceous 
conductive layer makes it possible to increase the aluminum-electrode exchange surface. 
In this way the effects of aluminum corrosion are annulled or at least significantly 
minimized. It is possible to use aluminum collectors either in the form of strips or, possibly, 
in the form of expanded metal, which permits a weight gain. Because of the properties of 
the materials of the invention, even in the case of an expanded metal, the electronic 
exchanges at the collector take place without notable increase of resistance. 

[0039] When the current collectors are thermally stable, it is also possible to carry out the 
pyrolysis or dehydrogenation directly on the collector so as to obtain, after deposition of 
carbon, a continuous porous film which can be infiltrated by an ionic conductive liquid or by a 
monomer or monomer mixture whose in situ polymerization generates a polymeric electrode. 
Formation of porous films in which the carbonaceous coating forms a lattice is readily 
achieved within the framework of the invention by pyrolysis of a polymer-complex oxide 
composite deposited in the film state on a metallic support. 

[0040] During the use of the electrode material of the present invention in an 
electrochemical cell, preferably of the primary or secondary battery type, the electrolyte is 
preferably a solvating or nonsolvating polymer that is optionally plastif ied or gelified by a 
polar liquid containing one or more metal salts in solution, preferably at least one lithium salt. 
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In such case, the polymer is preferably formed of units of oxyethylene, oxypropylene, 
acrylonitrile, vinylidene fluoride, acrylic or methacrylic acid esters, esters of itaconic acid with 
alkyi or oxaalkyi groups. The electrolyte can also be a polar liquid immobilized in a 
macroporous separator such as a polyolefin, a polyester, nano-particles of silica, alumina or 
lithium aluminate LiAIOa. Examples of polar liquids include cyclic or linear carbonates, alkyI 
formate, a-o) alkyI ethers, oligoethylene glycols, N-methylpyrrolidinone, y-butyrolactone, 
tetraalkylsulfamides, and mixtures thereof. 

[0041] The following examples are given in order to illustrate certain preferential uses of the 
invention, and should not be considered as limiting the scope thereof. 

Example 1 

[0042] This example illustrates the synthesis of a material of the invention which leads 
directly to an insertion material covered with a carbon deposit. 

[0043] The material LiFeP04 covered with a carbonaceous deposit was synthesized from 
vivianite Fe3(P04)2 . 8H2O and lithium orthophosphate UsPOa in stoichiometric proportions, 
according to the reaction 

Fe3(P04)2 . 8H2O + Li3P04 -> 3 LiFeP04 

[0044] A polypropylene powder was added in an amount of 3% by weight of vivianite. 
The weighed quantities of each of the components as well as the polypropylene power were 
intimately ground in a mill with zircon balls. The mixture was then heated in an inert argon 
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atmosphere in a first stage at 350°C for 3 hours to dehydrate the vivianite, then the 
temperature was gradually increased to yOCC to crystallize the material and carbonize the 
polypropylene. The temperature was maintained at 700°C for 7 hours. The structure of the 
resulting material was verified by X-ray analysis and corresponds to that published for 
triphylite. The percent of carbon present in the sample was determined by elementary 
analysis. At the precision of measurement, the carbon content is 0.58% in the example 
presented. For comparison, a sample was prepared under the same conditions but by 
omitting the polypropylene. This sample also shows a pure crystalline structure of the type 
of LiFeP04. 

Electrochemical properties 

[0045] The materials prepared were tested in type CR 2032 button batteries at room 
temperature and at 80°C. 

Test at 80°C 

[0046] The cathodes were prepared by mixing the powder of active material with carbon 
black (Ketjenblack®) to assure the electronic exchange with the current collector and with 
polyethylene oxide of mass 400,000 used as binder, on the one hand, and ionic conductor, 
on the other hand. The weight proportions are 95 : 9 : 56. Acetonitrile is added to the 
mixture in order to dissolve the polyethylene oxide. The homogenized mixture is then 
poured on a stainless steel disk of 1 .7 cm^. The cathode is dried in vacuum, then 
transferred to a Vacuum Atmospheres glove box under a helium atmosphere (< 1 vpm HgO, 
O2). A lithium foil (27 \im) laminated onto a nickel substrate was used as anode. 
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The polymeric electrolyte consisted of polyethylene oxide of mass 5,000,000 and of LiTFSI 
(lithium salt of bis-trifluoromethanesulfonimide) in an oxygen (of oxyethylene units) / lithium 
ratio of 20 : 1 . 

[0047] The electrochemical experiments were carried out at 80°C, the temperature at which 
the Ionic conductivity of the electrolyte is sufficient (2 x 10*^ Scm'^). The electrochemical 
tests were done by slow voltammetry (20 mV.h'^) controlled by a Macpile^'^^ type battery 
cycler. The batteries were charged and discharged between 3.7 and 3 volts. 

[0048] Figure 2 shows the first cycle obtained for the carbonaceous and noncarbonaceous 
materials whose synthesis is described above. For the noncarbonaceous sample, the 
oxidation and reduction phenomena extend over a broad range of potentials. For the 
carbonaceous material, the peaks are better defined. The course of the two materials during 
the first 5 cycles is very different (Figure 3). For the sample covered with a carbon deposit, 
the oxidation and reduction kinetics are more and more rapid, which is reflected by 
increasingly better defined peaks (currents of higher peaks and narrower peaks). 
In turn, for the noncarbonaceous sample, the kinetics appear increasingly slower. The 
course of the capacity of these two samples is shown in Figure 4. For the carbonaceous 
sample the exchanged capacity is stable. According to the tests, it represents 94 to 100% of 
the theoretical capacity (170 mAh.g*^). The initial capacity of the noncarbonaceous material 
is around 145 mAh.g"\ or 85 % of the theoretical capacity. For this sample, the exchanged 
capacity decreases rapidly. After 5 cycles, the battery has lost 20 % of its initial capacity. 
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[0049] The carbonaceous sample was cycled in the intentlostatic mode between 3.8 and 3 
V with rapid charge and discharge regimes. The corresponding imposed currents 
correspond to a C/1 regimen, which means that all the capacity is exchanged in 1 hour. 
These cycling results are shown in Figure 5, The first five cycles were carried out in 
voltamperometric mode in order to activate the cathode and determine its capacity. In this 
case, 100% of the theoretical capacity was exchanged during the first voltammetric cycle 
and 96% during the first 80 intentiostatic cycles. Subsequently, the capacity slowly 
decreases, and after 1000 cycles, 70% of the capacity (120 mAh.g'^) is still exchanged in 
this regime. Cycling in the potentiodynamic mode carried out after 950 cycles shows that, in 
fact, 89% of the initial capacity is still available at slower discharge regimes. This loss of 
power is associated with an increase of the lithium / polymeric electrolyte interface 
resistance. The erratic course of the C/D parameter (capacity passed in charge) / (capacity 
passed in discharge) at the end of cycling makes one presume that dendrites are formed. 
This parameter is plotted in Figure 5. 

Test at room temperature (liquid electrolyte) 

[0050] The material LiFeP04 covered with a carbon deposit was also tested at room 
temperature. In this case, the composite cathode is prepared by mixing the active material 
with carbon black and EPDM (previously dissolved in cyclohexane) in a ratio of 85 : 5 : 10. 
The mixture is spread on a stainless steel current collector in the form of a disk of 1.7 cm^, 
dried in vacuo and stored in a glove box under a helium atmosphere. As in the preceding 
case, lithium is used as anode. The two electrodes are separated by a Celgard™ 2400-type 
porous membrane. The electrode used is a 0.8 molal solution of LiTFSI in y-butyrolactone. 
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[0051] The voltamperograms shown in Figure 6 were recorded at room temperature at a 
sweep rate of 20 mV.h''' between 3 and 3.8 volts. In this configuration, the oxidation and 
reduction kinetics appear to be much slower than at 80°C. Moreover, the battery loses 
power to a slight extent during cycling. In turn, all of the theoretical capacity is accessible 
(cycle 1 : 97.5 %, cycle 5: 99.4 %). It was exchanged without loss over the duration of the 
experiment (5 cycles). It is not ruled out that the low power of this battery may be due to 
poor impregnation of the electrode with the electrolyte, the latter not wetting the polymer 
used as binder. 

[0052] Thus, this example shows that improvement of the material under study involves the 
kinetics, capacity and cyclability, thanks to the presence of the carbon deposit on the grain 
surface. Moreover, the latter's role is independent of that of the carbon added during the 
preparation of the composite cathodes. 

Example 2 

[0053] This example shows the formation of a carbonaceous conductive deposit from a 
hydrocarbon-type gas. The synthesis described in Example 1 for the preparation of the 
lithium-iron double phosphate was repeated but by omitting the polypropylene powder and 
replacing the inert atmosphere of the heat treatment by a mixture of 1% propene in nitrogen. 
During the heat treatment, the propene decomposes to form a carbon deposit on the 
material during the synthesis. The sample obtained contains 2.5% carbon, determined by 
chemical analysis. Cyclic voltammetry carried out on this sample under the conditions 
described in Example 1 reveals an important activation phenomenon during the first cycles 
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(see Figure 6). In this case, improvement of tlie l<inetics is accompanied by an increase of 
tine reversibly exchanged capacity. As measured during the discharge stage, the value of 
initial capacity of the prepared LiFeP04 sample represents 77% of the theoretical capacity, 
taking into account the 2.5% electroichemically inert carbon. After 5 cycles, this capacity 
attains 91 .4%. The observed activation phenomenon is related to the thickness of the 
possibly porous carbon layer surrounding the grains and may slow the diffusion of the 
cations. 

[0054] Examples 3 to 5 illustrate the treatment of the complex oxide, in the present case 
the iron-lithium double phosphate LiFeP04, prepared independently by a thermal method so 
as to obtain a conductive carbonaceous coating. 

Example 3 

[0055] The previously synthesized sample of triphylite LiFeP04 was analyzed. Its mass 
composition is: Fe 34.6%, Li 4.2%, P 19.2%, representing an approximately 5% deviation 
from stoichiometry. The powder to be treated was impregnated with an aqueous solution of 
commercial sucrose, then dried. The amount of solution was chosen to correspond to 10% 
by weight of the sucrose relative to the material to be treated. Evaporation of the water to 
complete dryness was done with agitation in order to obtain a homogeneous distribution. 
The use of sugar represents a preferred use, because it melts before being carbonized, 
which makes it possible to coat the grains well. Its relatively low yield of carbon after 
pyrolysis is compensated by its low price. 
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[0056] The heat treatment was carried out at 700°C under an argon atmosphere. The 
temperature was maintained for 3 hours. Elementary analysis shows that the product 
contains 1 .3% by weight of carbon. The heat treatment described above leads to a black 
powder having an electronic surface conductivity that can be measured by means of a 
simple commercial ohm-meter. Its electroactivity, as measured in the first cycle (Figure 8) 
and fifth charge-discharge cycle (Figure 9), is 155.9 mAhg"'' and 149.8 mAhg"\ respectively, 
or 91.7% and 88.1% of the theoretical. These values should be compared with those of the 
product not coated with a carbonaceous deposit, of which only 64% are electroactive during 
the first cycle. After 5 cycles, this value falls to 37.0% (see Figure 10). 

Example 4 

[0057] To the double phosphate LiFeP04 of Example 3 was added cellulose acetate as 
precursor of the carbon coating. This polymer is known for decomposing with good 
carbonization yields (of the order of 24%). It decomposes between 200 and 400°C. Beyond 
this temperature, the resulting amorphous carbon reorganizes to give a graphite-type 
structure which is favorable to obtaining coherent and highly conductive carbon deposits. 
The cellulose acetate was dissolved in acetone in a proportion corresponding to 5% by 
weight of the material to be treated, and dried before proceeding as described above. 
The carbon content of the final product is 1 .5%. The heat treatment leads, in a similar 
manner, to a black powder having an electronic surface conductivity. Its electroactivity, as 
measured in the first cycle (Figure 8) and fifth charge-discharge cycle (Figure 9) is 152.6 
mAhg"^ and 150.2 mAhg \ respectively, or 89.8% and 88.3% of the theoretical. These 
values should be compared with those of the product not coated with carbonaceous deposit, 
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only 64% of which are electroactive during the first cycle. After 5 cycles, this value falls to 
37.0% (see Figure 10). 

Example 5 

[0058] Perylene and its derivatives are known to give, after pyrolysis, graphite-type carbons 
due to the existence of condensed rings in the starting molecule. In particular, perylenetetra- 
carboxylic anhydride decomposes above 560°C to give carbon coatings of high covering 
power. However, this product is present in a state of very low solubility, and its intimate 
mixing with the complex oxide - in this case also, LiFeP04 according to Example 3 -- is 
difficult to carry out in practice. To solve this problem, a polymer was synthesized in a first 
step containing the perylene groups separated by an ethylene polyoxide chain. The 
oxyethylene segments are chosen to be sufficiently long in order to act as solubilizing agents 
of the aromatic groups in the usual organic solvents. To do this, the anhydride of 
commercial 3,4,9,1 0-perylenetetracarboxylic acid (Aldrich) is reacted with Jeffamine 600 
(Hunstmann, USA) at elevated temperature, according to the reaction 



with 

R = -[CH(CH3)CH20-]p(CH2CH20-)q[CH2-CH(CH)30]p.iCH2-CH(CH)3- 

1 < p < 2; 10< n < 14 
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The synthesis was carried out for 48 hours in dimethylacetamlde at reflux 
(188°C). The polymer formed is precipitated in water, then separated by filtration. 
It is purified by dissolution in acetone, filtration, followed by reprecipitation from ether. 
This process makes it possible to eliminate the unreacted starting products and small 
masses. Finally, the resulting powder is dried. The yield of carbonization of this 
product is of the order of 20%. 

[0059] This polymer was dissolved in dichloromethane in a proportion corresponding 
to 5% of the weight of the material to be treated, before proceeding as described in 
Examples 3 and 4. The carbon content of the final product is 1%. The heat treatment 
leads, as above, to a black conductive powder. Its electroactivity, as measured in the 
first cycle (Figure 8) and fifth charge-discharge cycle (Figure 9) is 148 mAhg"'' and 
146.9 mAhg"\ or 87.4% and 86.4% of the theoretical. These values should be 
compared with those of the product not coated with carbonaceous deposit, only 64% of 
which are electroactive during the first cycle. After 5 cycles, this value falls to 37.9% 
(see Figure 10). 

Example 6 

[0060] This example illustrates the use of a reaction of elimination from a polymer to 
form a carbonaceous deposit according to the present invention. 

[0061] Ferric sulfate Fe2(S04)3 having an orthorhombic "Nasicon" structure is obtained 
from commercial iron (III) sulfate hydrate (Aldrich) by dehydration at 450°C in vacuum. 
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By cooling and with agitation, the powder is suspended In hexane and lithiated with a 
stoichiometric amount of 2 M butyl lithium to give the composition Lii.5Fe2(S04)3. 
20 g of this white power is suspended In 100 mL of acetone; 2.2 g of polyvinylidene 
bromide (-CH2CBr2)n is added and the mixture is processed for 12 hours In a ball mixer 
containing alumina balls. The resulting suspension Is dried in a rotary evaporator and 
ground in a mortar to give a crude powder. The solid is treated with 3 g of diazabicycio 
[5.4.0]unde-7-cene (DBL) in acetonitrlle under reflux for 3 hours. The black powder 
thus obtained is filtered to remove the amine bromide and excess reagent, rinsed with 
acetonitrlle and vacuum-dried at 60°C. The carbonaceous deposit is annealed under 
an atmosphere of argon devoid of oxygen (< 1 ppm) at 400°C for 3 hours. 

[0062] The material covered with the carbonaceous matter was tested for its 
electrochemical activity in a lithium battery comprising an electrode of lithium metal, 
1 M lithium bls-(trifluoromethanesulfonimide) in a 50:50 mixture of ethylene carbonate 
and dimethoxyethane as electrolyte immobilized in a microporous polypropylene 
separator of 25 ^m. The cathode was obtained from a redox material prepared with 
carbon black (Ketjenblack™) and made into a paste in a solution of ethylene-propylene 
diene polymer, the proportion of solids being 85 : 10 : 5. The cathode mixture is spread 
on an expanded aluminum grid and pressed at a pressure of one ton per cm^ to a 
thickness of 230 pim. This button battery assembly is charged (the material tested 
being the anode) at 1 mAcm'^ between the potentials of 2.8 and 3.9 volts. The capacity 
of the material is 120 mAgh"\ corresponding to 89% of the theoretical value. The mean 
potential was obtained at 3.6 V vs. Li* : Ll°. 
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Example 7 

[0063] This example illustrates the use of a compound comprising nitrogen as 
electrode material. 

[0064] Manganous oxide (MnO) powder and lithium nitride powder (both of them 
commercially available [Aldrich]) were mixed in a dry box under an atmosphere of 
helium in a 1 : 1 ratio. The reagents are placed in a vitreous carbon crucible and 
treated in an atmosphere of nitrogen devoid of oxygen (< 1 vpm) at 800°C. 12 g of the 
resulting oxynitride having an antifluorite structure LiaMnNO are added to 0.7 g of a 
polyethylene powder having micrometer-order particles, and mixed in a ball mixer in a 
polyethylene container under a helium atmosphere with dry heptane as dispersant and 
20 mg of Brij™ 35 (ICI) as surfactant. The filtered mixture is then treated under a 
stream of nitrogen devoid of oxygen in a furnace of 750°C, to decompose the 
polyethylene into carbon. 

[0065] The electrode material covered with carbon appears in the form of black 
powder that is rapidly hydrolyzed in humid air. Hence, all subsequent manipulations 
are carried out in a dry box in which a battery similar to that of Example 6 had been 
constructed and tested for electrochemical activity of the prepared material. In this 
case, the electrolyte is a mixture of commercial tetraethylsulfamide (Fluka) and 
dioxolane in a volume ratio of 40 : 60. The two solvents were purified by distillation in 
the presence of sodium hydride (at a reduced pressure of 10 torr in the case of the 
sulfamide). To this solvent mixture is added lithium bis-(trifluoromethanesulfonimide) 
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(LiTFSI) to form an 0.85 molar solution. In the same way as in Example 6, the cell 
comprises a lithium electrode, an electrolyte immobilized in a porous polypropylene 
separator of 25 ^im, and the material is prepared in the same manner as in Example 6. 

[0066] The cathode is obtained from redox material prepared in a mixture with carbon 
black (Ketjenblack™) and made into a paste in a solution of ethylene-polypropylene- 
diene polymer, the ratio of the solids being 90 : 5 : 5 The cathode mixture is pressed 
on a grid of expanded copper at a pressure of 1 ton/cm^ to a resulting thickness of 125 
\im. The button battery assembly is charged at 0.5 mAcm'^ (the oxynitride tested being 
the anode) at 1 mAcm'^ between the potentials of 0.9 and 1 .8 volts. The capacity of the 
material is 370 mAgh"\ i.e. 70% of the theoretical value for two electrons per unit of the 
formula. The mean potential was measured at 1 .1 V vs. Li+ :Li°. This material may be 
used as a negative electrode material in lithium ion-type batteries. An experimental cell 
of this type was constructed with the electrode material on a copper grid similar to the 
previously tested one, and a positive electrode material obtained by chemical 
delithiation of the iron-lithium phosphate of Example 1 in the presence of bromine in 
acetonitrile. The resulting iron (III) phosphate is pressed on an aluminum grid to form 
the positive electrode, and the 0.85 M solution of LiTFSI tetraethylsulfamide / 
dioxolane is used as electrolyte. The average voltage of this cell is 2.1 volts and its 
energy density based on the weight of active materials is 240 Wh/kg. 
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Example 8 

[0067] The lithium vanadium (III) phosphosilicate Li3.5V2(P04)2.5(Si04)o,5, having a 
Nasicon structure, is prepared as follows. 

[0068] Lithium carbonate (13.85 g), lithium silicate Li2Si03 (6.74 g), ammonium 
dihydrogen phosphate (43.2 g) and ammonium vanadate (35.1 g) are mixed with 250 
mL of ethyl methyl ketone and treated for 3 days in a ball mixer comprising alumina 
bails and a thick-walled polyethylene container. The resulting paste is filtered, dried 
and treated in a tubular furnace under a stream of nitrogen containing 10% hydrogen, 
at 600°C for 12 hours. After cooling, 10 g of the resulting powder is introduced into a 
planetary ball mixer comprising tungsten carbide balls. The resulting powder is added 
to a solution of polyaromatic polymer prepared in Example 5 (polyoxoethylene-co- 
perylenetetracarboxylic diimide, 0.8 g in 5 mL of acetone), homogenized, and the 
solvent was evaporated. 

[0069] The red-brown powder was thermolysed in a stream of argon devoid of oxygen 
at 700°C for 2 hours, to give, after cooling, a black powder having a measurable 
surface conductivity. The material covered with the carbonaceous material was tested 
for its electrochemical activity in a lithium ion battery comprising a natural graphite 
electrode (NG7) covered with a copper current collector, and corresponding to 24 
mg/cm^ of 1 M lithium hexafluoro-phosphate in a 50 : 50 mixture of ethylene carbonate: 
dimethyl carbonate as electrolyte immobilized in a microporous polypropylene 
separator of 25 nm. The cathode was obtained from a lithium vanadium 
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phosphosilicate redox material mixed witli carbon black (Ketjenblack™) and made into 
a paste with a solution of a copolymer of vinylidene fluoride and hexafluoropropene in 
acetone, the solids ratio being 85 :10 : 5. The cathode mixture is spread on a grid of 
expanded aluminum and pressed at a pressure of 1 ton/cm^, resulting in a thickness of 
190 ^im, corresponding to a load of active material of 35 mg/cm^. The button battery 
assembly (the material tested being the anode) is charged at 1 mAcm'^ between the 
potentials of 0 and 4.1 volts. The capacity of the material covered with carbon is 184 
mAgh"\ which corresponds to 78% of the theoretical value (3.5 lithium per unit of 
formula), with a slight decrease after cycling. By way of comparison, a similar cell 
constructed by using a non-covered material such as obtained after mixing heat-treated 
inorganic precursor but omitting the addition of perylene polymer shows a capacity of 
105 mAgh'\ which rapidly decreases with cycling. 

Example 9 

[0070] This example illustrates the formation of a carbonaceous coating by varying 
the alkali metal content in the redox material. 

[0071] 13.54 g of commercial iron (III) fluoride (Aldrich), 1 .8 g of hexa-2,4- 
dyinedicarboxylic acid lithium salt are mixed in a ball mixer comprising a thick-walled 
polyethylene container and alumina balls, in the presence of ICQ mL of acetonitrile. 
After 12 hours, the resulting paste is filtered and the dried powder is treated with a 
stream of dry nitrogen devoid of oxygen in a tubular furnace at 700''C for 3 hours. 
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According to elementary analysis, the resulting black powder contains 47% Fe, 46% F, 
1.18% Li and 3.5% C, which corresponds to the formula Lio.2FeF3Co.35. The electrode 
material was tested for its capacity in a cell similar to that of Example 6, with the 
difference that the cell is first tested in discharge (the electrode material being the 
cathode), and then recharged. The voltages were between 2.8 and 3.7 volts. The 
experimental capacity during the first cycle was 190 mAgh'\ which corresponds to 83% 
of the theoretical values. By comparison, a cell with FeFs as electrode material and no 
carbonaceous coating has a theoretical capacity of 246 mAgh \ In practice, the first 
discharge cycle obtained under conditions similar to those of the material of the 
invention is 137 mAgh V 

Example 10 

[0072] This example illustrates also the formation of a carbon coating by varying the 
alkali metal content of the redox material. 

[0073] Commercial polyacrylic acid of molecular weight 1 5,000 was dissolved to give 
a 10% solution in a water / methanol mixture, and titrated with lithium hydroxide at pH 
7. Then 4 |xL of this solution was dried in a crucible with thermogravimetric air at 80°C 
to evaporate the water / methanol. The heating was continued at 500°C, giving a 
residue of 0.1895 mg of calcined lithium carbonate. 
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[0074] 18.68 g of commercial iron (III) phosphate dihydrate (Aldrich), 8.15 g of lithium 
oxalate (Aldrich), 39 mL of a solution lithium polyacrylate, 80 mL of acetone and 40 mL 
of 2,2-dimethoxyacetone capable of trapping the water by chemical reaction, are mixed 
in a ball mixer comprising a thick-walled polyethylene bottle and alumina balls. After 24 
hours, the resulting paste is filtered and dried. The resulting powder is treated with a 
stream of dry nitrogen devoid of oxygen in a tubular furnace at 700°C for 3 hours, 
yielding a blackish powder. According to elementary analysis, the resulting black 
powder contains 34% Fe, 18.8% P, 4.4% Li and 3.2% C. X-ray analysis confirmed the 
existence of pure triphylite LiFeP04 as the sole crystalline compound. The electrode 
material was tested for its capacity in a cell similar to that of Example 1 with a 
polyethylene oxide electrolyte, and then recharged. The voltages were chosen 
between 2.8 and 3.7 volts. The experimental capacity during the first cycle was 135 
mAgh'\ which corresponds to 77% of the theoretical value, and which increases to 156 
mAgh'^ (89%) when the definition of the peak improves after several cyclings. 80% of 
this capacity is accessible within the potential range of 3.3 - 3.6 volts vs. Li* : Li**. 

Example 11 

[0075] The compound LiCoo.75Mno.25P04 was prepared by intimately grinding cobalt 
oxalate dihydrate, manganese oxalate dihydrate and ammonum dihydrogen phosphate 
by injecting air of 850°C for 10 hours. The resulting mauve powder is mixed in a 
planetary ball mixer containing tungsten carbide balls, until particles of the order of 
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4 |im are obtained. 1 0 g of this complex pliosplnate is triturated in a mortar with 1 0 mL 
of a 6% perylene polymer solution of Example 5 in methyl formate. The solvent 
evaporates rapidly. The resulting powder was treated under a stream of dry argon 
devoid of oxygen in a tubular furnace at 740°C for 3 hours, giving a black powder. 
The electrochemical activity of the ceil was tested in a lithium ion battery similar to that 
of Example 8. In this case, the electrolyte was lithium bis-fluoromethanesulfonimide 
(Li[FS02]2N) dissolved at 1 M concentration in dimethylaminotrifluoroethyl sulfamate 
CF3CH20S02N(CH3)2, which is a solvent resistant to oxidation. When initially charged, 
the cell showed a capacity of 145 mAgh"^ in the voltage window of 4.2 - 4.95 V vs. 
Ll"^ Li^. The battery could be cycled for 50 cycles of deep charges / discharges with 
less than 10% loss of capacity, thus showing the resistance of the electrolyte at high 
potentials. 

Example 12 

[0076] The compound Li2MnSi04 was prepared by calcining the gel resulting from the 
action of a stoichiometric mixture of lithium acetate hydrate, manganese acetate 
tetrahydrate and tetraethoxysilane in an 80 : 20 mixture of methanol / water. The gel 
was dried in a furnace at 80°C for 48 hours, reduced to powder and calcined in air at 
800''C. 3.28 g of the resulting silicate and 12.62 g of lithium iron phosphate of Example 
3 are mixed in a planetary ball mixer similar to that of Example 1 1 , and the powder was 
treated under a stream of dry argon devoid of oxygen in a tubular furnace at 740''C for 
6 hours. The complex oxide obtained after cooling has the formula 
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Li1.2Feo.8Mno.2Po.6Sio.2O4. The powder is wetted with 3 mL of a 2% cobalt acetate 
solution, and dried. This powder was treated in the same tubular furnace at 500°C 
under a stream of 1 mL/s of gas containing 10% carbon monoxide in nitrogen for 2 
hours. After cooling the resulting black powder was tested for its electrochemical 
activity under conditions similar to those of Example 1 . With an electrolyte of 
polyethylene oxide at 80°C the capacity measured from a cyclic voltammogram curve 
[is] 185 mAgh"^ (88% of theory) between voltages 2.8 and 3.9 volts vs. Li* : Li°. 
The non-covered material tested under similar conditions has a specific capacity of 105 
mAgh'\ 

Example 13 

[0077] Under argon, 3 g of lithium iron phosphate of Example 3 is suspended in 50 
mL of acetonitrile to which are added 0.5 g of hexachiorocyclopentadiene and 10 mg of 
nickel (0) tetrakis-(triphenylphosphine). Under vigorous agitation, 1 .4 mL of tetrakis 
(dimethylamino)ethylene is added in a dropwise manner at room temperature. The 
solution turned blue, and after the addition of supplementary reducing agent, it became 
black. The reaction is left under agitation for 24 hours after the end of the addition. 
The resulting black precipitate is filtered, washed with ethanol and vacuum-dried. 
Annealing of the carbon deposit was done at 400''C under a stream of gas devoid of 
oxygen for 3 hours. The resulting black powder was tested for its electrochemical 
activity under conditions similar to those of Example 1 . The capacity measured 
between the voltages of 2.9 and 3.7 volts vs. L\* : Li° is 160 mAgh'^ (91% of theory). 
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The non-covered material has a specific capacity of 1 12 mAgh'^ under the same 
experimental conditions. 

Example 14 

[0078] The spine! compounds Li3.5 Mgo.5Ti40i2 were prepared by the sol-gel 
technique using titanium tetra(isoproproxide) (28.42 g), lithium acetate dihydrate 
(35.7 g) and magnesium acetate tetrahydrate (10.7 g) in 300 mL of an 80 : 20 mixture 
of isopropanol / water. The resulting white gel was dried in a furnace at 80"" and 
calcined at 800°C for 3 hours, then, under argon containing 10% hydrogen, at 850''C 
for 5 hours. 1 0 g of the resulting blue powder is mixed with 1 2 mL of a solution of 1 3% 
by weight of cellulose acetate in acetone. The paste was dried and the polymer 
carbonized under the conditions of Example 4 in an inert atmosphere at 700°C. 

[0079] The positive electrode of an electrochemical supercapacitor was constructed in 
the following manner: 5 g of LiFeP04 covered with carbon according to Example 3, 5 g 
of Norit® (activated carbon), 4 g of graphite powder (2 i^m diameter), 3 g of cut 
aluminum fibers (20 inm long and 5 mm in diameter), 9 g of anthracene powder (10 nm) 
as pore-forming agent and 6 g of polyacrylonitrile are mixed in dimethylformamide in 
which the polymer dissolves. The paste was homogenized, coated on an aluminum foil 
(25 iim) and the solvent was evaporated. The coating is then slowly heated to 380°C 
under a nitrogen atmosphere. The anthracene evaporates, to leave a homogeneous 
porosity in the material, and the acrylonitrile converts, thanks to thermal cyclization, into 
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a conductive polymer comprising fused pyridine rings. Tlie thickness of the resulting 
layer is 75 \im. 

[0080] A similar coating is prepared for a negative electrode with a paste in which 
LiFeP04 is replaced by the spinel coating prepared above. The supercapacitor is 
obtained by placing face to face two prepared electrodes separated by a 10 nm thick 
polypropylene separator soaked In a 1 M mixture of LiTFSI in a 50 : 50 composition of 
acetonitrile and dimethoxyethene. This system may be charged at 30 mAcm'^ and 
2.5 V, and produces a specific power of 3kW/L^ at 1 .8 V. 

Example 15 

[0081] A light modulation system (electrochrome window) was constructed in the 
following manner. 

[0082] The LiFeP04 of Example 3 is mixed in a high-energy ball mixer until obtaining 
particles of approximately 120 nm. 2 g of this powder is mixed with 1 mL of a solution 
of 2% by weight of the perylene-copolyoxyethylene polymer of Example 5 in methyl 
formate. The paste is triturated in order to assure a uniform distribution of the polymer 
on the surface of the particles, and solvent is then evaporated. The resulting dry 
powder is treated, under a stream of dry nitrogen devoid of oxygen, in a tubular furnace 
at 700°C for 3 hours, to obtain a pale gray powder. 
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[0083] 1 g of this powder covered with carbon is made into a paste with a solution of 
1.2 g of polyethylene-c-(2-methylene)propane-1,3-diyl prepared according to 
J. Electrochem. Soc. 1994 . 141 (7), 1915, with segments of ethylene oxide of molecular 
weight 1000, 280 mg of LiTFSI and 15 mg of diphenylbenzyl dimethyl acetal as 
photoinitiator In 10 mL of acetonitrile. The solution was coated by a doctor-blade 
process on a glass covered with an indium tin oxide (20S"^°) to a thickness of 8 ^m. 
After evaporation of the solvent, the polymer was polymerized with a UV lamp of 254 
nm (200 mWcm"^) for 3 minutes. 

[0084] Tungsten trioxide was deposited by thermal evaporation on another glass 
covered with indium tin oxide (ITO) to a thickness of 340 |im. This system was 
obtained by depositing an electrolyte layer of polyethylene oxide (120 [im) with LiTFSI 
at an oxygen (of the polymer) / salt ratio of 12 previously coated on a polypropylene foil 
and applied to an electrode covered with WO3 by using the adhesive transfer 
technology. The two glass electrodes were pressed together to form the 
electrochemical chain: 

glass / ITO / WO3 / PEO-LITFSI /LiFeP04 composite electrode / ITO / glass. 

[0085] This system turns blue in 30 seconds upon application of a voltage (1 .5 V, the 
LiFeP04 side being the anode) and whitens upon inverse voltage. The light 
transmission is modulated from 85% (whitened state) to 20% (colored state). 
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[0086] Although the present invention was described by means of specific 
applications, it is understood that several variations and modifications may be inserted 
thereinto, and the present application aims at covering these modifications, uses or 
adaptations of the present invention which generally follow the principles of the 
invention and include any variation of the present invention which will become known or 
conventional in the field of activity of the present invention, and which may be applied 
to the essential elements mentioned above, in accordance with the scope of the 
following claims. 
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Claims 

1 . Electrode material comprising a complex oxide corresponding to the general 
formula AaMmZzOoNnFf wherein 
A comprises an alkali metal, 

M comprises at least one transition metal and optionally a metal other than a 

transition metal, such as magnesium or aluminum or their mixtures, 

Z is at least one nonmetal. 

O is oxygen, N is nitrogen and F is fluorine, and 

the coefficients a, m, z, o, n and f > 0 being so chosen as to assure 

electroneutrality, characterized in that a quantity of conductive carbonaceous 

material is deposited on the surface of the material in a homogeneous manner 

in such a way as to obtain a substantially regular electric field distribution on 

the surface of the material grains. 

2 Material according to Claim 1 , characterized in that the carbonaceous material 
is deposited by pyrolysis of an organic material. 

3 Material according to Claim 1 characterized in that the transition metal 
comprises iron, magnesium, vanadium, titanium, molybdenum, niobium, zinc 
and tungsten, used alone or in mixture, the metal other than transition metal 
comprises magnesium or aluminum, and the nonmetal comprises sulfur, 
selenium, phosphorus, arsenic, silicon, germanium, boron and tin, used alone 
or in mixtures. 
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4 Material according to Claim 3, characterized in that the transition metal 

comprises iron, manganese, vanadium, titanium, molybdenum, niobium and 
tungsten in the following oxidation states: Fe^*, Mn^^, V^^, V^"", Ti^^, Ti^^, Mo^"", 
M0^\ Nb^^ Nb^\ W^^ 

5. Material according to Claim 1 in which the precursor of carbonaceous material 
comprises the hydrocarbons and their derivatives, perylene and its derivatives, 
polyhydric compounds and their derivatives, a polymer or polymer mixture, and 
mixtures thereof. 

6. Material according to Claim 5, characterized in that the precursor comprises a 
polymer. 

7. Material according to Claim 6, characterized in that the polymer comprises the 
polyolefins, polybutadienes, polyvinyl alcohol, phenol condensation products, 
polymeric derivatives of furfuryl alcohol, polymers derived from: styrene, 
divinylbenzene, acrylonitrile, vinyl acetate, cellulose, starch and its esters, and 
mixtures thereof. 

8. Process for the deposition of a carbonaceous material such as defined in 
Claim 6, on an electrode material, characterized in that the polymer or mixture 
of polymers is dispersed with the complex oxide, followed by pyrolysis carried 
out in vacuum or in an atmosphere of nonreactive gas. 

41 



9. Process for the deposition of a carbonaceous material such as defined in 
Claim 7, characterized in that a monomer or monomer mixture is added to the 
complex oxide, followed by polymerization and by pyrolysis carried out in 
vacuum or in an atmosphere of nonreactive gas. 

10. Process for the deposition of a carbonaceous material defined according to 
Claim 1 , characterized in that the source of carbon is carbon monoxide alone 
or in a mixture with an inert gas, and the deposit is obtained by the dismutation 
equibrium 2 CO C + CO2 at a temperature below QOO^'C, optionally in the 
presence of a catalyst. 

1 1 . Process for the preparation of a material according to Claim 1 , characterized in 
that the deposit is produced by pyrolysis of an organic derivative of an alkali 
metal A supplying the fraction a-a' of the alkali metal from the complex oxide 
Aa'MmZzOoNnFf SO as to leave by pyrolysis a carbonaceous deposit on the 
surface of the complex oxide whose composition becomes AaMmZzOoNnFf such 
that a-a' > 0. 

12. Material according to Claim 1 , characterized in that the final carbonaceous 
material content by mass is between 0.1 and 55%. 
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Material according to Claim 1 , characterized in that the complex oxide 
comprises the sulfates, phosphates, silicates, oxysulfates, oxyphosphates or 
oxysilicates, or their mixtures, of a transition metal or lithium, and mixtures 
thereof. 

Material according to Claim 1 , characterized in that the complex oxide has the 
formula Lii+xMPi.xSix04 or Lii+x-yMPi-xSixOA-vFy wherein 0 < x, y < 1 , and 
M comprises Fe or Mn. 

Material according to Claim 1 , characterized in that the complex oxide has the 
formula Li3.x+zM2)Pi.x-ySxSiz04)3 wherein M comprises Fe or Mn, 0 < x, and 
z<1. 

Material according to Claim 1 , characterized in that the complex oxide has the 
formula Li3+u-x+zV2-z-wFeuTiw(Pi-x-2SxSi204)3 or Li4+xTi50i2, Li4+x-2yMgyTi50i2 
wherein 0<x, w<2, y<1 and z < 1 . 

Electrochemical cell, characterized in that at lest one electrode comprises at 
least one material according to Claim 1 . 

Electrochemical cell according to Claim 17, characterized in that it functions as 
a primary or secondary battery, supercapacitor or light modulation system. 
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1 9. Cell according to Claim 1 8 functioning as a primary or secondary battery, 
characterized in that the electrolyte is a solvating or nonsolvating polymer, 
optionally plastified or gelified by a polar liquid containing one or more metallic 
salts in solution. 

20. Cell according to Claim 1 8 functioning as a primary or secondary battery, 
characterized in that the electrolyte is a polar liquid immobilized in a 
microporous separator. 

21 . Cell according to Claim 1 9, wherein one of the metallic salts is a lithium salt. 
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[Glossary to text in Figures 1 to 10:] 
Frencli 

Echantillon recouvert d'un depot de carborie 
Ecliantillon sans carbone 
nombre de cycle 
capacity 

cycles voltamperometriques 
d^charge 

Acetate de cellulose 5% 
polyp6rylene 5% 
sans traitement 
1^' cycle 



English 

= Sample covered with a carbon deposit 
= Sample without carbon 
= cycle number 
= capacity 

= voltamperometric cycles 
= discharge 
= 5% cellulose acetate 
= 5% polyperylene 
= without treatment 
= first cycle 
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